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Abstract
Radio frequency (RF) techniques have the potential to provide blood glucose
readings through sensing the glucose dependent change in dielectric properties of
the biological tissue. Such technique can enable much desired non-invasive and
continuous monitoring of blood glucose level. In this work, we present realis-
tic glucose dependence of dielectric properties as well as basic understanding of
resonator behaviour while radiating towards the lossy biological tissue.
To investigate the potential of RF techniques, two resonators, operating at
microwave frequencies when placed radiating towards the biological tissue, are
designed and fabricated. The spiral resonator is tested with liquid and semi-solid
phantoms containing dierent amounts of sugar. An analytical formulation to
retrieve the dielectric properties of the biological tissues is improved. In order to
perform realistic tests, novel tissue mimicking materials for an extremely wide fre-
quency range are proposed. Glucose dependance of the blood mimicking material
dielectric properties are further investigated by adding realistic glucose amounts
to the blood mimicking material and dielectric spectroscopy is performed. Next, a
single pole Cole-Cole model is tted to the median of the dielectric property mea-
surements. In addition, a patch resonator is simulated with four-layered digital
phantom and tested with the four-layered physical tissue mimicking phantom.
Finally, a double parameter measurement platform is constructed by com-
bining the patch resonator and a commercial force sensor to perform controlled
experiments with humans. Also, the force dependant response of the patch res-
onator is quantied. Soda tests is performed on ve subjects with the platform,
all subjects were asked to apply the same level of force. Spiral resonator is also
ii
applied to examine the glucose changes of two human subjects during the soda
test. The results suggests that, although the glucose-dependance of the dielectric
properties is relatively small, the input impedance of a microwave resonator is
still sensitive to such small alterations.
iii
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Introduction
The emergence of wireless technologies and advancement in on-body sensor
design can enable changes to the conventional healthcare system, replacing it
with e-health systems, centred on the individual [1]. So-called E-health systems
can provide healtcare for everyone at anywhere [2]. And it is anticipated to
reduce healthcare costs via disease prevention and individualised provision of
care in decentralised health systems, including virtual healthcare providers, with
hospitals reserved for more targeted care scenarios [3, 4, 5].
A vital element of ubiquitous healthcare systems is wearable vital sign mon-
itoring devices. Such devices are currently under development towards seam-
less integration with the daily routine of the user. Seamless integration requires
non-invasive, real-time, and continuous monitoring of the vital signs [6]. Many
chronic diseases and emergency scenarios can be successfully managed with wide
deployment of such sensors. However, design and testing of such sensors is very
challenging and requires comprehensive understanding of biological parameters
to be sensed in the human body. From an electromagnetic (EM) perspective,
disease related changes cause molecular alterations in the biological tissue; thus,
lead to changes to dielectric properties of the tissue. Therefore, such changes can
1
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be detected by using EM techniques.
1.1 Research Objectives
The goal of this thesis is to propose an electromagnetic technique which can
be used to sense the changes in blood glucose level. The approach should be
non-invasive, robust, and applicable to normal, pre-diabetic, and diabetic sub-
jects. Towards the development of the non-invasive blood glucose monitoring
device, the aim is to explore the relationship between the blood glucose level
and dielectric properties of biological tissue. Then, establish a relation between
the response of the proposed microwave device and the blood glucose through a
champaign of numerical simulations and measurements. The research objectives
of this dissertation are;
1. Assessment of the eect of blood glucose level on the dielectric properties
of blood at microwave frequencies;
2. Numerical investigation of the response of microwave resonators to dielectric
property change;
3. Design of controlled experiments to measure the eect of the blood glucose
level to microwave resonator response;
4. Investigation of the other biological and external factors that can eect the
microwave resonator response.
To the best of author's knowledge, results arising from this research have not
been presented by others in the literature before.
1.2 Motivation
Chronic diseases presents a signicant challenge to healthcare services worldwide.
Currently, chronic diseases are incurable; thus, further complications of such dis-
eases can only be prevented with eective management. The World Health Or-
ganization (WHO) has reported that such conditions will be the leading cause of
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Figure 1.1: Glucose regulation mechanism of the body [10]
disability by 2020 and if not successfully managed, they will potentially become
one of the most expensive problems in healthcare [7]. Additionally, according to
a National Health Service (NHS) report, WHO data indicates that 75% of the
total global population have at least one chronic condition and 50% have two or
more [7].
Within the last decade, changes in lifestyle and nutrition made diabetes one
of the most commonly-seen chronic conditions. There are 2:2 million people
with diabetes in England, and over 250 million people worldwide suering from
the disease [8]. Diabetes is a prevalent metabolic disorder, occurs due to the
malfunction of glucose regulation mechanism shown in Fig. 1.1, without a certain
cause. There are two main types of diabetes, known as Type 1 and Type 2 [9].
Type 1 diabetes is an autoimmune disease, usually develops during at an early
age. Type 1 diabetes aects 400; 000 patients in the UK and of these, more than
29; 000 are children [11]. The immune system attacks the insulin producing beta
cells in the pancreas [12]. Thus the body's glucose regulation system lacks the
insulin secretion. Disease is managed through insulin injections to prevent an
abnormal increase in the blood glucose level and patients are strongly adviced to
adopt a healthy lifestyle. There is no cure for Type 1 diabetes; however, several
treatment possibilities, such as beta cell or pancreas transplantation, are under
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investigation [13].
Type 2 diabetes is more prevalent among people over 40 years old [14]. How-
ever, nowadays with the high intake of processed foods among youth, the assessed
age for the risk group is dropping rapidly [15]. One of the signicant cause of
type 2 diabetes is insulin resistance [16]. Insulin resistance is the condition in
which the body is able to produce the required amount of insulin but the muscle,
fat, and liver cells fail to respond to it [17]. As the threshold of required insulin
for proper functioning of the cells increases, the pancreas increases the amount of
the insulin produced to regulate the blood glucose level. Thus, insulin resistance
causes high insulin level in the blood stream, as well as high glucose level. Fasting
glucose level of a non-diabetic patient with insulin resistance is 5:5 mmol/l (100
mg/dl) or above [18].
Diabetes is a chronic condition and, if it is left untreated, it is a leading
cause of kidney failure, blindness in adults, and limb amputation. Also, diabetes
signicantly increases the risk of stroke, coronary heart disease, and it is the 5th
leading cause of death [7]. Blood glucose level of a healthy individual is between
3:5 to 5:5 mmol/l (80-100 mg/dl) before meals and are less than 8 mmol/l (150
mg/dl) two hours after meals [19]. Normal change of the blood glucose level with
dierent food intake are shown in Fig. 1.2.
For a diabetic patient it is vital to keep the blood glucose level at normal
range. One important step for long-term evaluation of the blood glucose was
taken with the introduction of the test named HbA1c [21]. In the blood stream,
hemoglobin coexist with glucose molecules, for both diabetes patients and healthy
people. The glucose molecules stick to hemoglobin to form haemoglobin A1c,
termed HbA1c [22]. HbA1c molecules lasts around 12 weeks, so the long-term
management of blood glucose level can be evaluated by measuring the HbA1c
level about every 3 months [23]. For non-diabetes people, the HbA1c level should
be less than 5%, and for patients with well-managed diabetes, it should be less
than 6% [24]. If a person is undiagnosed and in the 5   6% HbA1c range, they
are diagnosed as pre-diabetes. Also, the HbA1c test can be used as a diabetes
diagnosis tool[25]. It is estimated that there are about 900; 000 people living with
diabetes in the UK without diagnosis [26]. On occasion, the disease might not
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Figure 1.2: Change of blood glucose level and insulin level in the blood stream [20]
.
show any symptoms and, during clinical visits, the blood glucose measurements
can be within the normal range. However, in between the doctor visits, the patient
can experience abnormal blood glucose uctuations. In such cases, many people
suering from diabetes can leave the clinic without diagnosis. Although HbA1c is
an important measurement tool for both tracking the diabetes management and
as a diagnosis tool for diabetes, it can only be eective in long-term performance
evaluations of diabetes management. Thus, there is still a need to monitor blood
glucose level in real-time and continuously, such monitoring approach will also
help to prevent the blood glucose spikes in between the HbA1c tests. The benets
of the continuous monitoring over HbA1c are well-documented [27]:
 continuous monitoring can reduce the HbA1c level, by regulating the daily
glucose level through real time information;
 with continuous monitoring, an episode of sugar coma can be prevented;
 continuous monitoring can show the immediate eect of the medication or
diet on blood glucose level.
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Figure 1.3: Mobile blood glucometer [31] .
Therefore, the continuous monitoring of the blood glucose level is vital for
proper management of the diabetes diseases. Currently, o-the-shelf continuous
monitoring devices are available from Medtronics [27, 28]. The continuous glu-
cose monitoring (CGM) from Medtronics is composed of two main components:
1) glucose sensor; and 2) CGM display [29]. The glucose sensor has a needle-type
electrode which is inserted under the skin that measures the glucose level from
the subcutaneous liquid. The needle-type sensor is attached to an adhesive patch,
which keeps the needle stable for 3 days. The needle sensor should be replaced
every few days. The glucose sensor is also attached to a transmitter which per-
forms wireless transfer of the collected data to the CGM display. CGM display
shows the blood glucose level at any given time during the day; also warns the
user when the glucose level drops to low or spikes to high values. In addition, the
CGM display records the data; thus, the patient can always check historical data.
Although this approach provides continuous monitoring, it is still invasive and
the patients supposed to change the sensor every 3 days due to the contamination
and drop in performance [30]. Thus, there is still a need to develop a device that
can function long-term and can be seamlessly integrated with the patient's daily
routine.
The other current option for blood glucose monitoring is the mobile blood
glucometers, shown in Fig. 1.3, over 42 types of glucometers are available in the
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UK [32]. The patients prick their nger with a lancet and draw the blood out.
The blood drop is placed on a strip and the strip is inserted in to a monitor, where
they can read the blood glucose level. The method is not only physically painful
and invasive, but also does not provide the continuous reading for the patient.
Also in order to regulate the blood glucose level with the nger pricking method,
patients are recommended to measure their blood glucose level minimum 4 times
a day [33].
One of the drawbacks of the nger pricking method is the failures in read-
ings [34]. There are a number of reasons for such failures. The failures can be
categorised as technical and methodological failures. The technical failures are
due to damaged strips. The strips should be kept in a cool dry place avoiding
to be exposed to light. Additionally, once the capped strip tube is opened, the
strips should be consumed in 30 days. The humidity can alter the readings [35].
Also, the lancet should be changed very often to avoid irritation and infection.
The erroneous readings can come from methodological errors as well, such as not
dropping the blood on to the strip thoroughly [36]. The hygiene of the measure-
ment site, usually the nger, is also important. The hydration of the patient is
vital for a correct reading [37]. Before the reading, the hands can be washed
with warm water to increase the circulation and to remove any contaminant in
the withdrawal site [38]. In addition, the reading should be recorded and should
be compared with the previous results to check the consistency of the reading.
Therefore, using the ambulatory monitoring kit requires responsible handling of
the measurements. Thus the diabetes patient must understand these issues, in
order to properly manage the disease. Also, such kits cost between $12 to $24 per
unit, the kits are requiring rells for both stripes and lancets, which also discour-
ages patients from taking more frequent readings [39]. Therefore, it is essential
to develop a simple, non-invasive, inexpensive, continuous, and user-friendly gu-
lucometer.
One of the proposed technique for non-invasive measurement of the blood
glucose level is near infrared (NIR) spectroscopy. The NIR is measuring the scat-
tered signal from the analytes in the tissue. NIR can be applied in four dierent
measurement congurations: transmission, diuse reectance, transectance, and
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photoacoustic [40]. For transmission the probing radiation applied from one side
of a tissue medium and received from the other end of the media. However,
this measurement technique restricts the measurement site. In diuse reectance
technique the incident photons are radiated and received from the one side of the
tissue. However, the photons are concentrated at the surface of the tissue. For
example, for the skin tissue the incident photons are mostly reected from the
epidermis layer of the tissue. Thus, such technique can not penetrate into the
deeper layers of the tissue where transcutaneous tissue uid is kept. Scattering
from deeper regions, such as dermis layer of the skin tissue, is achieved by utilizing
transectance measurement method. The technique is applied with placing an
optical source ber to the surface of the tissue and placing another optical ber on
the surface of the tissue with a distance as a receiver. Distance between the bers
controls the penetration depth which increases with the increase in distance. Fi-
nally, photoacoustic sensing is performed by locating the tissue under test to a
chamber and launching a beam that is modulated at an acoustic frequency. The
absorbed light creates heating which then results in acoustic waves. Such waves
are detected by using a sensitive microphone. However, this technique is also
concentrated on the surface of the tissue which greatly limits the applicability
of no-invasive glucose sensing. Although NIR data displays correlation with the
blood glucose data there is obstacles on collection of reliable information non-
invasively from the human body. One issue is the time lag between the change
in blood glucose level and change in interstitial uid glucose level. Change of
interstitial uid glucose level depend on many factors including blood perfusion
speed and metabolic rate; thus, the time lag can be between 2-45 minutes [41].
Another issue is scattering from the other analytes, such as protein, in blood
and interstitial uid [42]. Therefore, there is still a need to carry n further re-
search and analysis techniques to improve the reliability of the NIR techniques
for non-invasive blood glucose monitoring.
Ultrasound technique also utilized in the literature to aid non-invasive mea-
surement of blood glucose level. In [43], ultrasound waved are used to enhance
the permeability characteristics of the skin to extract glucose analyte as one the
major problems in non-invasive transdermal diagnostics is obtaining sucient
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quantities of analyte for detection. Reported study suggest that by exposing the
skin to 20 kHz ultrasound wave for a limited amount of time the permeability of
the skin can be enhanced for up to 3 hours. However, the safety of the applica-
tion, when used in a repetitive manner, not yet examined. Study also reported
a time lag between the results and measurements performed with a reference
glucose measurement method and suggested that the transdermal analytes may
have been sourced from the capilary veins between the dermis and epidermis. A
similar study is performed on pigs by applying 20 kHz ultrasound for 20 minutes
and measuring the blood glucose levels with a biosensor [44]. Although promising
results are obtained from the reported studies there is still a need to asses the
long term eect of the ultrasound exposure to human skin.
An alternative and relatively unexplored area for such applications uses radio
frequency (RF) techniques. This thesis explores the microwave and RF appli-
cations, focusing on the alterations in the dielectric properties of the blood and
subcutaneous tissue and its reection to the response of the RF device, for non-
invasive and continuous monitoring of the blood glucose level.
1.3 Theory
Dielectric properties are parameters that quantify the behaviour of the materials
when subject to an electric eld. The dielectric properties can be explained
through Maxwell's equations. When time varying elds are considered in a
medium, the Maxwell's equations are represented at point form as follows;
~O  ~D = v (1.1)
~O ~E =  @
~B
@t
(1.2)
~O  ~B = 0 (1.3)
~O ~H = ~|c+@
~D
@t
(1.4)
Where ~D is the electric ux density, ~B is magnetic ux density v is volume
charge density, ~|c is the conduction current density, ~E and ~H are the electric and
magnetic eld respectively. From the eld equations, constitutive parameters,
namely permittivity and conductivity, of the medium can be derived. To do so,
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the equation 1.4 is rewritten in phasor form. Also by substituting constitutive
equation ~D = "0"r ~E and ~|c =  ~E we can obtain equation 1.5.
~O ~H =  ~E + j!"0"r ~E (1.5)
0 = 8:85 10 12F=M is the permittivity of the air medium. Permittivity relates
to the ability of the material to store the energy, namely the ability of the material
to align it's molecules in the direction of the applied eld. The conductivity of
the material represents the loss. The loss of power is presented by conduction
current. The other form of loss in the dielectrics is in molecular level. The dipole
molecules inside the material polarize, that is the molecules aligns itself, in the
direction of the applied electric eld. Since the Electric eld is time varying,
as the direction of the applied electric eld changes the dipole molecules starts
to rotate itself to remain aligned with the direction of the applied electric eld.
The rotation of the dipole molecules causes loss of the energy due to the friction.
Thus, the equation 1.5 should be rewritten by adding !00 ~E term to include the
other source of loss, shown in equation 1.6.
~O ~H =  ~E + !00 ~E + j!"0"r ~E (1.6)
~O ~H = j!("0"r   j  + !
00
!
) ~E (1.7)
~O ~H = j!("0"r   j e
!
) ~E (1.8)
The eective conductivity is dened as e =  + !
00, the equation 1.8 can be
written as follows;
~O ~H = j!("0   j"00) ~E (1.9)
In equation 1.9, real part of the complex permittivity "0 is dened as "0"r and
the imaginary part of the complex permittivity "00 is dened as e
!
. In this thesis,
the change in relative permittivity "r and change in eective conductivity e will
be investigated.
From the denition of the permittivity and conductivity we can state that
the relative permittivity and eective permittivity are depends on the molecular
structure of the material. Thus a change in the dielectric properties of biological
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(a)
(b)
Figure 1.4: (a) Relative permittivity comparison of a blood plasma sample
with dierent dextrose levels [45] (b) Eective conductivity comparison of a blood
plasma sample with dierent dextrose levels [45] .
tissues is an indication of alterations in the molecular structure of the tissue
such as malignancy in biological tissues, aging of the tissue, and the variation of
the components in the biological tissue. Although the dielectric properties of the
healthy and malignant tissues at ultra-wide band (UWB) frequencies are reported
extensively in the literature, the eect of aging, gender, and chronic diseases to
the dielectric properties of the biological tissues is still unknown [46, 47, 48].
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It is well-known that the relative permittivity and eective conductivity of
blood and subcutaneous uids vary with the change in the blood glucose level [49].
However, there are a limited number of studies in the literature that quantify the
changes in relative permittivity and eective conductivity with respect to blood
glucose level. Topsakal et al. [45] performed dielectric property measurements
by adding liquid D-glucose (dextrose) to blood plasma obtained from 12 healthy
individuals. Dextrose level were increased with each measurement. Measurements
were taken at room temperature by adding 250, 500, 1000, 2000, 4000, 8000, and
16000 miligram liquid dextrose to per deciliter blood plasma.
The experiments were performed with an Agilent's open-ended slim probe,
that can take measurements up to 20 GHz. Although the experiment was per-
formed on a small sample, the results provide an insight on the relationship
between the glucose level and dielectric properties. Fig. 1.4 (a) and Fig. 1.4 (b)
show the relative permittivity and eective conductivity, respectively, of a blood
plasma sample with dierent dextrose levels [45]. Both the relative permittiv-
ity and eective conductivity of blood plasma were decreased while glucose level
were increased. The results for relative permittivity are expected, as sugar is com-
monly used in the literature to decrease the relative permittivity of water when
characterizing skin and other high water content tissue-mimicking materials [50].
Although this study [45] provides an insight to the change in dielectric prop-
erties, there is still a need to characterize the change in the dielectric properties
of blood and subcutaneous uid with adding realistic glucose amounts to blood
plasma and quantifying the change. Note that the normal glucose levels are 80
mg/dl at fasting state and 140 mg/dl after meals. Realistic glucose dependance
of dielectric properties is vital to design an RF device that is sensitive enough to
quantify such changes.
Considering the relatively small change in the blood glucose level and result-
ing alterations in dielectric property change, narrowband resonance techniques
are more suitable to detect such small changes. Narrowband technique is a more
precise method when compared to broadband technique. The empirical relation-
ship between the eective permittivity and resonance frequency of a resonator is
given as follows [51]:
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fr =
nc
Leff
p
"eff
(1.10)
In equation 1.10, fr is the the operation frequency, Leff is the eective length
of the resonator. "eff is the eective relative permittivity, that is a proportional,
based on the electric eld distribution, combination of relative permittivity of
the surrounding dielectric and relative permittivity of the resonator substrate.
n is the mode of the resonator, namely if the resonator has multiple operation
frequencies the considered number of the operation frequency; for example, if the
resonator is operating at a dual mode and user is considering the 2nd mode n
should be 2. Finally, c is the speed of light in free space. The equation presents
a clear relationship between the permittivity of the dielectric medium and the
characteristic response of the resonator.
In the light of the previously reported literature on the dielectric property
change of the blood and subcutaneous tissue, this thesis is proposing to quantify
the dielectric property dependance to the realistic blood glucose alterations with
broadband techniques. This thesis is also proposing narrowband resonators to
sense the glucose dependent relative permittivity change in the anthropomorphic
media.
1.4 Methodology
Dielectric properties of biological tissues have been studied in the literature using
dierent techniques. The most suitable method for dielectric property retrieval
can be decided according to the desired frequency of operation. For example, an
open-ended coax probe is desirable when a broadband measurement response is
needed. Other important parameters are the required degree of sensitivity, level of
invasiveness, sample size, sample temperature, and the measurement procedure.
Dielectric properties of biological tissues at microwave frequencies have been
studied since 1951, rst introduced by Cook et al. [52]. Although a considerable
amount of knowledge has been accumulated on the dielectric behavior of biological
tissues for over a half century, it is still a complex procedure to perform in-vivo
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and ex-vivo experiments for dielectric property retrieval. Usually, high water
content tissues, such as muscle, skin, and blood, have high conductivity; thus, it
is hard to perform measurements using resonant methods unless the calibration
is performed with a material having similar dielectric properties to high water
content tissues. Therefore, an open-ended coaxial probe has been extensively
used in the literature to obtain ultra-wide band measurement results. Although
a comprehensive review in dielectric property measurement techniques is beyond
the scope of this thesis, in the following sections, a review on techniques, including
coaxial probes and resonant methods, is given.
1.4.1 Open-Ended Coaxial Probe
Open-ended coaxial probes have been used in the literature for non-destructive
measurement of broadband dielectric properties of the biological tissues exten-
sively [53, 54, 55, 56]. The two most important advantages of the coaxial probe
technique are (1) the probe can be used for broadband measurements, where usu-
ally current commercial probes can provide up to 50 GHz measurement; and (2)
in general, there is no need for sample preparation, that is, liquid and arbitrarily-
shaped semi-solid materials can easily be used. For biological tissues, in-vivo and
ex-vivo measurements can be performed. However, the measurement precision of
the open-ended probe is low when compared to narrowband techniques, such as
the cavity resonance technique.
One important area where the open-ended coaxial probe has been investigated
and used widely is the dielectric property characterization of healthy, benign, and
malignant breast tissues. It is particularly a challenging area, as the physical size
and composition of the tissue samples tend to vary depending on the surgical
procedure, which can be a breast reduction surgery, partial or total mastectomy
, and lumpectomy . For example, the tissue specimen excised through a breast
reduction surgery can be heterogeneous including broglandular and fatty tis-
sues. Also, a surgery performed to excise the malignant or benign tumor, namely
lumpectomy, can be heterogeneous including both the tumor and the healthy
tissue. Thus, the coaxial probes, featuring small apertures and small sensing
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volume, are suitable to perform broadband dielectric property characterization
on such arbitrarily-shaped and composed biological tissues. Because, small sens-
ing volume and small aperture can ensure that the measurement is taken from a
homogeneous tissue sample even if the excised sample is heterogeneous in com-
position.
Open-ended coaxial probes are also widely used to assess the dielectric prop-
erties of liquids and agricultural products [57]. Commercial dielectric probes can
easily measure the dielectric properties of homogeneous liquids with a good pre-
cision. However, when measuring liquid, it is important to check the probe tip
for air bubbles. The air bubble can aect the dielectric property measurements
signicantly.
Usually, the dielectric material inside the probe is a stable and non-reactive
material, such as glass or teon. Some probes features air as an insulating mate-
rial. However, to prevent the possible damage over time and to keep the response
stable, usually glass and teon material are preferred. Use of such materials also
allows the probe to be used in a range of temperatures by preventing corrosion
damage due to the heat. Conventionally, experiments are performed by mounting
the coax probe to a network analyzer and placing the dielectric sample at the tip
of the probe. The complex permittivity of the sample can be obtained from the
measurement of several parameters depending on the eld interaction with the
sample at the tip of the probe. Traditionally, the reection coecient is measured
at the tip of the probe with a vector network analyzer (VNA) and, by utilizing
dierent numerical and analytical models, the reection coecient is converted
to dielectric properties of the material under test [53, 58, 59, 60].
One of the most commonly used commercial coaxial probe is the Agilent
85070E dielectric probe kit [61]. The probe kit comes with a software where the
"0r (The real part of complex permittivity), "
00
r (the imaginary part of permittivity),
tan () (loss tangent tan () = e
!"0 ), and Cole-Cole tting formats can be viewed.
Depending on the probe type, the measurements can be performed from 200
MHz to 50 GHz. The software can be installed on a computer with Windows
operating system and a VNA can be controlled through the computer. For a
Performance Network Analyzer (PNA), the software can be directly installed to
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(a)
(b) (c)
Figure 1.5: Agilent 85070E dielectric probe kit: (a) slim probe, (b) precision
probe, (c) high temperature probe [61].
the network analyzer. All three probes in the kit need to be calibrated before
taking measurements; the calibration is performed in three steps with air, short
(the short is provided with the kit), and a known liquid. The known liquid can
be any liquid, but the Cole-Cole parameters of the liquid should be entered in the
software in order to perform correct calibration. The default calibration liquid
is de-ionozed water. Other procedures that must be followed include setting
the measurement frequency range, number of data points, and temperature of
the calibration liquid. The software has a friendly user interface, and during
calibration, it guides the user through the three steps.
The Agilent's coaxial probe is modelled as a coaxial aperture opening on an
innite ground plane with semi-nite material load. The assumptions are justi-
ed due to the reection from the boundaries of the material will not be sensed
at the probe aperture if the material is lossy enough. The modelling of the probe
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Figure 1.6: Modelled aperture opening of the coaxial probe on innite ground
plane [62].
is shown in Fig. 1.6, (a) and (b) represents the radius of the inner and outer con-
ductor, respectively. This problem is solved by equating the tangential magnetic
elds on the aperture z = 0. Solution to the forward problem gives the reection
coecient for a given sample permittivity and solution to the inverse problem
gives the sample permittivity for a given reection coecient. The normalized
admittance for the described coaxial probe model is given as follows;
YL =
jk2m
kc ln(
a
b
)
Z b
a
Z b
a
Z 
0
cos()
e jkmR
R
ddrdr0 (1.11)
where,
R =
p
r2 + r02   2rr0cos()
kc = w
p
"c"00
km = w
p
"m"00
"c is the permittivity of the dielectric between the inner and outer conductor
of the coaxial line. "m is the permittivity of the sample at the aperture of the
probe. Exponential expression given in equation 1.11 can be expanded with
Taylor series, which yields integrals independent from the medium properties.
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After the computation of the integrals, a polynomial expression can be obtained
which has a low computational cost. However, the resulted polynomial does not
include the higher order modes thus a correction technique usually employed to
obtain the best match.
The other measurement error source is systematic errors. Such errors are
corrected with vector error correction, termed `calibration'. By measuring three
standards, that is terminating the aperture with air, short, and distilled water the
reection coecient of the probe aperture is measured to correct the systematic
errors. The air, short, and distilled water are readily available calibration ma-
terials and distilled water with 200 ml beaker can simulate semi-innite sample,
due to the dipole losses, for Agilent's dielectric probes.
The Agilent 85070E dielectric probe kit features three probes, including a slim
form, a precision, and a high temperature probe, shown Fig 1.5 (a), Fig 1.5 (b),
and Fig 1.5 (c), respectively. The slim probe is more suitable for liquids and
small sized soft semi-solids. The aperture of the slim probe is 2:2 mm and slim
design allows the insertion of the probe into the chemical reaction chambers and
fermentation tanks. The slim form probe can take measurements from 500 MHz
to 50 GHz. The precision probe can take measurements from 500 MHz to 50
GHz as well and can be utilized for temperatures between  40 C to 200 C. The
aperture of the probe is 9:5 mm. The dielectric insulating material in the coaxial
probe is boroslicate glass. The probe can be used for measuring liquid, semi-solid,
and at surfaced solid materials. High temperature probe can take measurements
from 200 MHz to 20 GHz between  40 C to 200 C. The aperture of the probe is
3:5 mm. The high temperature probe is further discussed in Chapter 3. Note that
the sample size should be bigger than the aperture of the probe. Thickness of the
sample depends on the sensing volume of the probe; however, one can measure
the eect of the thickness by placing a short under the material. If the response
of the probe remains the same, that means the material thickness is enough. In
this thesis, Agilent's open-ended high temperature probe is used for broadband
dielectric property measurement of the tissue simulating materials.
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1.4.2 Waveguide, Cavity, and Resonance Techniques
The waveguide technique is one of the popular methods to measure dielectric
properties of materials at microwave and milli-meter wave frequencies. For dielec-
tric property measurements, conventionally, a rectangular waveguide with four
shorted walls is lled with the sample and connected from two sides to a network
analyzer with coaxial cables for sending and receiving the energy. Dierent test-
ing congurations for rectangular waveguide such as waveguide probes shorted
with dielectric material, have been proposed in the literature [63, 64, 65, 66]. It is
possible to collect measurements at dierent modes and at the cut-o frequency.
The cut-o frequency is related to the dielectric properties of the material lling
the waveguide.
The main limitation for this technique is that the sample should ll the waveg-
uide in width and height dimensions. Usually for biological tissues, the tissue
need to be excised, so it is not possible to perform in- vivo measurements with
the waveguide technique. This technique is suitable for materials that can be
shaped to t inside the waveguide.
(a) (b)
Figure 1.7: (a) A traditional ring resonator (b) Folded ring resonator proposed
in [67].
Cavity technique is another kind of popular narrowband method for mea-
surement of dielectric properties; the real part of the complex permittivity is
calculated from the shift of the resonance frequency, and the imaginary part is
retrieved from the change of the cavity quality factor, which can be found from
the bandwidth at the operation frequency. To increase the sensitivity of the cavity
technique, the sample is placed inside the cavity at a position where the electric
eld is a maximum. Depending on the eld distribution inside the cavity electric,
eld probes can be used for detection purposes.
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Other techniques proposed in the literature include resonant and resonant
perturbation methods. Usually the resonant technique, such as the use of ring or
folded ring resonators shown in Fig. 1.7 (a) and Fig. 1.7 (b) [67, 68, 69, 70], is
suitable for measurement of low-loss dielectric materials. The limitation for reso-
nant techniques is that dielectric properties can be retrieved only at the resonant
frequency. Usually, the retrieval of parameters is performed either with numeri-
cal iterations or analytical models. However, resonators such as ring resonators
are easy to fabricate, with high accuracy, low cost, and can be made conformal.
These resonators can be used for samples with irregular shapes. Additionally, the
resonant sensors can be printed on exible substrates, such as textiles, and can
easily be mounted on the human body. However, at low microwave frequencies,
the miniaturization of such structures can present a challenge.
Other measurement techniques include free-space method [71, 72, 73]. The
free-space method is suitable for planar or materials with sheet like samples.
The measurements are taken by placing the sample between a receiver and a
transmitter antenna. The free space method is a non-contact and non-destructive
permittivity reconstruction technique. The method is mostly suitable for medium
loss materials.
1.4.3 Tissue Mimicking Materials
Anthropomorphic tissue mimicking materials closely repeating the dielectric prop-
erties and the shape of the tissues have been invaluable for pre-clinical testing of
ultrasound imaging, microwave imaging, and implantable devices [74, 75, 76]. To
construct such phantoms it is important to measure the dielectric properties of
the biological tissue. A number of studies have been reported int he literature on
the dielectric properties of the biological tissue. One signicant comprehensive
study have been reported by Gabriel et al. [46, 47, 77]. According to the measure-
ment results the biological tissues are classied as low-water, intermediate-water,
and high-water content tissues. The water content signies the magnitude of
the relative permittivity of the tissue. That is, high-water content tissues tend
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to have high relative permittivities and low-water content tissues have low rela-
tive permittivities. Dielectric properties of some tissues at 2:45 GHz is given in
Table 1.1.
Table 1.1: Dielectric properties of the tissues at 2:45 GHz [78]
Tissue name Relative permittivity Conductivity [S=m] Wavelength [m]
Body F luid 68:208 2:4781 0:014689
Blood 58:264 2:5448 0:015834
Muscle 52:729 1:7388 0:016731
Aorta 42:531 1:4353 0:018623
Skinwet 42:853 1:5919 0:018524
Skindry 38:007 1:464 0:019657
Bone Cancellous 18:548 0:80517 0:028067
Fat 5:2801 0:10452 0:053113
Bone and fat are classied as low-water content tissues. Aorta, skindry, and
skinwet are categorised as intermediate-water content tissues. High-water content
tissues given in Table 1.1 are body uid, blood, and muscle.
Another use of the tissue mimicking materials is the controlled manipulation
of the parameters. In this thesis, by changing the dextrose level at a blood
mimicking material the dielectric properties are measured. Such approach allow
us to manipulate one parameter at a time and observe the EM response. The
advantage of this technique is the EM response is only eected from a single
parameter; however, such manipulation is much dicult to perform at human
body as multiple sensors are needed to track other parameters.
1.5 Possibility and Challenges
An important challenge is to distinguish the response of the RF or microwave
device to other vital signs. Change of the temperature, hearth rate, respiration
rate, blood pressure, and many other environmental variables can aect the re-
sponse of the RF or microwave device. Therefore, the experiments should be
performed by changing one parameter at a time to understand the limitations of
the method. For example, while changing the blood glucose level temperature,
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blood pressure, heart rate, etc., should be kept constant. This requires an intel-
ligent design of experiments, in this study we are proposing to work with tissue
mimicking materials to change a single parameter at a time to understand the
behaviour of the resonant structure.
Performing non-invasive human tests for blood glucose detection is challeng-
ing. The change in external parameters should be controlled such as applied
force. And the eect of other vital signs should be measured as well. Response of
the resulting non-invasive glucometer can be calibrated according to the known
vital and external parameters.
There are many other challenges regarding the monitoring of the blood glucose
level non-invasively and continuously with RF or microwave techniques that are
not only hardware-related, but also software issues. One of the software related
issues is protecting the privacy of the patients.
1.6 Thesis Organization
The rest of the dissertation is organized as follows.
Chapter 2 provides an extensive literature and industry review for the state
of the art of vital signs monitoring, including blood pressure, blood glucose, and
cardiac activity monitoring techniques. Current constraints to achieve truly non-
invasive and multi-parameter monitoring are discussed in depth.
In Chapter 3, recipes and dielectric property measurements for liquid, semi-
solid, and gel-like tissue mimicking phantoms are presented. The liquid and
semi-solid phantoms are used to test the spiral resonator, to retrieve the rela-
tive permittivity of the phantom. Two broadband (0:3 GHz to 3 GHz) tissue
mimicking materials for dry skin and blood tissues are given. The validity of
the phantoms are veried via comparison with the literature data [78]. Also,
ultra-wide band tissue mimicking materials are presented for wet skin, fat, blood,
and muscle tissues. The capabilities of these tissue mimicking materials are not
limited to the experiments proposed in this thesis; depending on the frequency
range, the tissue mimicking phantoms can be used to validate the performance of
any RF or microwave device designed for biological app lications. A comparison
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of the dielectric of the phantoms is made with experimental values properties for
the biological tissues from the literature, as well as with for previously proposed
tissue mimicking materials, to validate the performance of the phantoms.
Chapter 4 presents a spiral resonator for retrieval of dielectric properties of
lossy materials. The spiral resonator is tested with liquid and semi-solid phantoms
and the S-parameter response of the resonator is recorded. From the collected
response of the resonator the dielectric properties are retrieved using an empirical
formulation and a form of calibration. In order to modify and improve the ac-
curacy the empirical formulation, simulations with dierent superstrates having
variety of dielectric properties are performed. Then, by employing particle swarm
optimisation and multiple linear regression, the modied empirical formulation
is characterized. Finally, a sensitivity analysis of the resonator response to the
change in eective permittivity is demonstrated by simulating and measuring the
response of the resonator with phantoms having dierent thicknesses.
Chapter 5 describes the design and testing of a patch resonator, as well as the
dielectric property measurement and analysis of a blood mimicking material with
realistic glucose indexes. The blood mimicking material proposed in Chapter 3 is
characterised and realistic glucose amounts are added. The dielectric properties
of the each phantom with dierent glucose level is measured by employing Agi-
lent's open-ended high temperature dielectric probe. The resonator is mounted
at the bottom of a container. The skin, fat, and muscle mimicking phantoms,
presented in Chapter 3, are characterized and a four-layered tissue mimicking
material placed above the patch resonator. The blood layer is alternated with a
higher glucose index blood layer and the S-parameter response of the resonator
is measured. Then the input impedance of the resonator is calculated. Measured
input impedance results are also compared with the simulations.
In Chapter 6, experiments with human subjects under controlled laboratory
environment are reported. A doulbe-sensing platform is constructed by combining
the patch resonator and a commercial force sensor. Force dependent response of
the patch resonator is quantied. To investigate the glucose dependent response
of the patch resonator soda tests are performed with 5 subjects by manipulating
the blood glucose levels through rapid ingestion of sugar rich drink under constant
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applied force. Soda test is also performed with spiral resonator on 2 subjects.
The response of the sensors are compared with reference data.
Finally, in Chapter 7, the summary of the dissertation and the potential
future work is presented. Potential future work includes measuring the dielectric
properties of other tissues with realistic blood glucose amounts to assess the
change of the overall subcutaneous dielectric property change, investigation of
the temperature dependence of blood dielectric properties with dierent glucose
indexes, and building a durable testing xture for further human experiments.
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Chapter 2
Vital Signs Monitoring: Current
State of the Art
The design of wearable physiological measurement systems has been a growing
research interest in the last decade, due to the potential applications in medicine,
sports, and security [1, 2, 3]. With the increase in the size of the elderly pop-
ulation, as well as the emergence of chronic diseases because of the changes in
lifestyle, there has been a need to monitor the health status of individuals in their
daily routine to prevent fatal disorders. The adoption of mobile healthcare tech-
nology is promising to enhance the quality of life for chronic disease patients and
the elderly, as well as healthy individuals. Furthermore, it oers the potential to
alter the current heathcare system by enabling out-patient care and preventing
unnecessary hospitalisations. Designing a telemetry system for health monitoring
is a very cumbersome task. There are many key issues to be addressed, including:
 designing reliable sensors;
 ensuring the reliable transmission of vital sign data;
 providing privacy and security for individuals.
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Mobility is both a key benet of such systems and a constraint on their design.
To achieve the benet, wireless physiological sensors must be small, low-weight,
power ecient. The radio channel on and around the body has a distinctive
nature. For instance, antennas designed to operate at a given frequency in free
space, will operate at a lower frequency when placed on the body so-called `de-
tuning' [4]. This is due to the complex permittivity dierence between the body
and the air medium. Note that the human body is lossy at microwave frequencies,
which is making the body a hostile environment for electromagnetic wave pro-
rogation. Path losses of radio component are increased on-body compared with
those in free space. There are also shadowing issues; for example, if a transmitter
antenna operating at 2:45 GHz is placed on the abdomen of a human subject it
is expected that a shadow region will appear at the back of the subject. Also,
the on-body radio channel is dynamic, due to the continuous variation in posture
and movement. In this chapter, a detailed review of recent publications is given
on research on chronic disease management and on-body propagation issues. The
remainder of this chapter is divided into two main sections; the rst examines re-
cent research on the measurement of the major physiological parameters, termed
`vital signs'. The second examines wearable wireless sensors from an electromag-
netic perspective, discussing such issues as communications protocols, antenna
design and radio channel propagation on and around the body.
2.0.1 Future of Healthcare
The emergence of wireless technologies and advancements in on-body sensor de-
sign can enable change in the conventional healthcare system, replacing it with
wearable healthcare systems, centered on the individual. Wearable monitoring
systems, shown in Fig 2.1, can provide real-time reading of physiological data,
as well as better information regarding the general health of individuals. Disease
prevention is an important step in healthcare revolution; thus, the market for
monitoring devices is not only for patients but also for individuals who would
like lead a healthier life. The ultimate aim of the new healthcare system is to
prevent the advancement of the disease [5]. In the current healthcare system,
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Figure 2.1: Future of healthcare
acquiring the medical data is expensive and it requires multiple visits to hospital.
Thus, it is necessary to develop an easy access method to medical data with in-
expensive monitoring devices. Through such technology the patients can transfer
their physiological readings from anywhere and even acquire a diagnosis without
paying a visit to a clinic.
Another important role of real-time monitoring is to provide immediate help
for patients or elderly in an emergency situation. Currently, there are systems
launched for critically ill patients as emergency home-care solutions. This is done
by placing a button on to a patient. In an emergency situation, if the patient
pushes the button, the home system calls the healthcare service immediately.
However, if the patient fails to push the provided button, the systems fails to
call the help in an emergency. Therefore, if the physiological signs are monitored
continuously and non-invasively, there is no need for the patient to make the
judgement whether or not to call the emergency. Based on the severity of the
abnormal vital signs, the system can warn either the patient or the emergency
service. Thus, it is very important to develop vital signs monitoring devices that
can provide continuous and real-time information to the patients.
Many attempts have been made to monitor the vital signs non-invasively and
continuously, both for wearable devices and home or hospital care. One recently
reported study proposed a piezoelectric system, which was integrated to the four
legs of the home or hospital bed, to monitor bio-signals such as hearth beat,
respiratory rate, and the movements while the person is lying on the bed [6].
Monitoring respiration during sleep is very important for people suering from
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sleep apnea in order to target the eective treatment. Another study proposes a
diagnosis method for pre-diabetes that measures the functioning of the sudomotor
dysfunction, which is a condition present in pre-diabetes patients. Measuring the
galvanic skin response tests the proper functioning of the sudomotor [7]. Galvanic
skin response is measured by placing two electrodes on the skin to asses the skin
conductivity which is related to the sweat levels, ions, and sweat ducks. Early
diagnosis of glucose intolerance is important since, such diagnosis can prolong
the duration of the pre-diabetes stage by delaying the progress of the disease,
thus improving the life quality for patients. In [8], a millimetre wave system is
proposed for monitoring the breathing rate and heart rate by measuring the shift
on the phase of the back scattered electromagnetic wave.
With the expanding research on monitoring the vital signs, it is expected
that the market for vital signs monitoring devices will grow by 8 billion dollars
by 2018. However, current monitoring devices are still obtrusive and unreliable.
Chronic diseases, including diabetes, heart failure, chronic obstructive pulmonary
disease, and dementia, currently have no cure. Such diseases should be managed
eectively. Thus, vital-sign monitoring systems will reduce healthcare costs by
prevention of further disease complications and enhance the quality of life with
disease management.
2.1 Vital Sign Monitoring
There are a number of health issues whose treatment benets from continuous
vital sign monitoring. Traditionally, when this approach is deemed necessary,
it results in the hospitalisation of the patient, with expensive equipment and
medical personnel on hand; in some cases, the patient may remain at home,
but the use of bulky and expensive equipment remains. Much eort has gone
into the development of small, wearable devices over recent years, with benets
including lower cost, greater mobility for the patient and, potentially, improved
physiological data for the physicians to analyse when attempting to diagnose
the condition. Wirelessly-enabling these devices provides greater mobility and
improves the eciency with which available bandwidth is used [9]. A review of
Chapter 2 Vital Signs Monitoring: Current State of the Art 35
wireless body sensor networks (WBSNs) for healthcare applications was given in
[9], including a design strategy for such wireless sensor networks.
There are a number of demographic changes to the world populations, par-
ticularly in the West, that are driving the move towards the use of WBSNs and
vital sign monitoring. The two most signicant changes are the ageing of the
population and the rise in obesity levels. Both of these factors increase the risk
of developing various conditions that require signicant medical intervention and,
thus, signicant cost. Governments around the world have acknowledged this fact
and are seeking ways of delivering healthcare more eciently, including the use
of `personal health systems' and telemedicine techniques.
The two conditions of most interest currently are diabetes and cardiovascular
disease and its related conditions. In developed countries, typically 24% of the
population suers from diabetes and the further complications of the disease,
such as cardiovascular disease, can only be prevented with frequent monitoring
of blood glucose level (BGL) [10].
Hypertension is another common health problem which has no obvious symp-
toms [11]. Healthy dietary choices, lifestyle changes and use of medicine can
improve the condition of the patient. In order to control the risks associated
with the disease, it is crucial to monitor the blood pressure (BP) of the patient
frequently. For middle-aged and older subjects, high blood pressure is an impor-
tant indicator for cardiovascular diseases, which are amongst the leading cause of
sudden deaths globally [11].
Vital sign monitoring systems will, therefore, involve monitoring one or more
of the following:
 blood glucose level;
 blood pressure;
 pulse rate;
 electrocardiograph (ECG) patterns;
 respiration rate;
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 respiration eectiveness (e.g., blood oxygen saturation).
These are discussed in more detail in the following sections.
2.1.1 Monitoring Blood Pressure
Traditionally, monitoring of blood pressure is performed in a clinic with trained
personnel by mounting inatable pressure cus with stethoscopes to the patient's
arm { the so-called auscultatory method [12]. This type of measurement does
not achieve continuous monitoring and the patient is required to be in a certain
posture in the clinical environment, which causes the white-coat eect. The white-
coat eect is known to be the falsication of BP measurements, usually with
transient peaks in BP, due to the stress caused by being present in a clinical
environment [13]. Current alternatives are ambulatory monitoring and home-
monitoring devices, where patients can monitor their own BP.
One of the common techniques used in ambulatory/home monitoring devices
is the oscillometric method [12]. Home monitoring devices generally include a
fully automatic inatable cu which can be mounted on the patient's wrist and
measures the blood pressure of the radial artery by relating external pressure
with the magnitude of arterial volume pulsations.
Although oscillometric monitoring systems are convenient to avoid the tran-
sient rise of BP due to the white-coat eect, the periodic interruptions of the
blood ow and continuous usage of such devices may cause unwanted side eects,
such as sleep disruptions at night-time, skin irritations and an increase in stress
level [14]. Vasotrac (Medwave Inc., Arden Hills, MN, USA) is an example of a
watch-type ambulatory non-invasive BP monitoring device [15, 16]. It includes a
circular sensor (this must sit on top of the radial artery in the wrist), a digital
monitor and a disposable adhesive plaster to estimate the location of artery. Af-
ter collection of data, the sensor response is taken and processed by a controller
unit and displayed on the digital screen. Although Vasotrac is a cu-less device,
an external pressure is required for reliable measurements. Vasotrac is a good
alternative for infrequent ambulatory monitoring; it is, however, unsuitable for
continuous monitoring.
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Many dierent methods have been used to measure BP non-invasively. For
example, the ultrasonic method, introduced in 1961, relates the Doppler shift of
the ultrasound response and the velocity of blood [17]. The frequency shift of
the scattered ultrasound with the change in the velocity of the particles in blood
is observed by placing two piezoelectric crystals in a plastic tube. The Doppler
shift technique is proven to be an eective method for measuring the systolic BP
of infants [18].
Measuring the BP through pulse wave transit time (PTT) is another cu-less
technique and a candidate method for continuous monitoring of BP [19]. When
measuring the PTT, the heart activity is usually monitored with an ECG sensor
and a photoplethysmogram (PPG) sensor is placed on a nger, wrist or earlobe
to track the pulse travelling from the heart to the peripheral point. Note that
Photoplethysmogram sensor takes volumetric measurement of an organ optically
by measuring changes in light absorbtion. Simply, if the arterial pressure is higher,
the pulse travels faster. Recently, a wrist module was developed to measure BP
by integrating a PPG sensor and ECG sensor into a watch-type monitoring device
[20, 21]. However, the reliability of measurements and calibration of the device
are still issues under investigation.
Figure 2.2: Blood pressure sensor by MIT, ppg sensor measuring the pulse on
the wrist and on the nger [22]
More recently, another cu-less design was developed by using combined PTT
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and oscillometric methods [22, 23, 24]. The system estimates the BP by placing
two sensors along the artery; typically, these are at the wrist and index nger,
as shown in Fig. 2.2. However, measuring the blood pressure in this fashion is
challenging, due to instabilities in hydrostatic pressure caused by the change of
hand position with respect to the heart. Conventional ambulatory BP meters
require patients to sit and raise their hand to the heart level. In order to over-
come this challenge, a MEMS accelerometer is used to adjust the height of the
hand with respect to the heart, to set the hydrostatic pressure oset for the PTT
sensor. This approach allows the patients move their hands freely by calibrating
the PTT sensor response according to the change in hydrostatic pressure. One
benet is that the local pressure applied to the tissue is trivial compared to the
traditional oscillometric devices and does not interrupt the blood ow. Thus,
this design is a promising approach to achieve continuous, non-invasive and un-
obtrusive monitoring of blood pressure and is one of the cutting-edge technologies
under investigation at this time.
2.1.2 Monitoring the Blood Glucose Levels
Most commercial blood glucose (BG) monitoring devices employ invasive tech-
niques; usually, a blood sample must be obtained by pricking the nger with
a lancet. The blood sample obtained is then exposed to a strip and the BGL
calculated by inserting the strip into a digital monitor. Diabetic patients should
perform the task at least 4 times a day for tight metabolic control. However, the
nger pricking task is reported to be a painful procedure, leading some to take
fewer samples, hence risking problems induced by poor BGL management.
Some commercial systems (e.g., Medtronic's MiniMed and Guardian products
[25]) are termed `minimally-invasive' continuous monitoring systems. Typically, a
(disposable) bio-sensor needle is inserted under the skin on the abdomen and the
BGL is derived from the glucose level in the interstitial tissue uid. In Medtronic's
product [25], the needle unit is self-contained and includes all electronics required
to capture the signal, process it and communicate it wirelessly to a second body-
worn unit that acts as the user-interface. Recently, a feasibility study conducted
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to examine a similar system concept, with the aim of extending the lifetime of
the bio-sensor needle [26]. This involved both design and optimisation of the
bio-sensor and the use of signal processing techniques to extract the maximum
useful information possible. Work is on-going in this area.
A non-invasive continuous self-monitoring system is key to improve the man-
agement of diabetes. In recent years, there has been a considerable progress in
research on minimally-invasive or non-invasive monitoring techniques. One exam-
ple is the GlucoWatch Biographer, a minimally-invasive device measuring BGL
through extraction of transdermal uid. This device was developed by Cygnus,
Inc., and was commercially available for some time [27]. However, the Food and
Drug Administration (FDA) in the United States later banned the commercial
use of the device, due to complaints from users claiming that the device caused
a mild-to-moderate amount of skin irritation. The device essentially drew the
interstitial uid through the skin with a low electrical current; therefore, there
was a 10-15 minute time lag compared to traditional glucometers, note that the
time lag between the change in interstitial uid and blood glucose level could be
2-45 minutes [28].
Impedance spectroscopy (IS) is another highly investigated method; it mea-
sures the change in the electrical properties of blood non-invasively. Variation in
BGL aects the electrical properties of erythrocyte (red blood cell) membranes;
this causes alterations in the electrolyte balance of skin and subcutaneous tissue
[29, 30]. These variations can be detected with the IS technique by measuring the
magnitude of impedance jZj with an RLC resonant circuit [31] or a vector network
analyser (VNA). Although IS is sensitive to BG variation, the alterations in other
bodily parameters (such as sweat levels, changes in the posture and temperature
levels) can aect the measurement results. In order to reduce the eect of the
other parameters, a multi-sensor approach has recently been developed [32, 33].
The new arm module, shown in Fig. 2.3, includes eight sensors; three of them are
capacitive electrodes in long, medium and short lengths and operating at dierent
frequencies, developed by Solianis Monitoring AG. The medium-length and long
electrode signals can penetrate into the deeper layers of tissue, providing informa-
tion related to changes in glucose levels; the short electrode signal penetrates to
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the surface layer of skin, providing data related to other parameters. Additionally,
there is a sweat sensor, an accelerometer and an optical reection sensor, which
are combined in an arm module on elasticized cloth. Note that accelerometer can
identify the forces such as gravity around the device understanding the tilt and
orientation of the device and optical reection sensor is used for skin blood ow
measurement. The arm module was tested under controlled conditions with ten
male diabetic patients; however, further investigation is crucial to understand the
true performance of the developed module in non-laboratory environments.
Figure 2.3: Arm module proposed in [32] (1) deep, (2) mid and (3) shallow
electrodes. (4) Temperature sensor. (5) Sweat sensor. (6) Siliconwafer based
optical reection sensor. (7) Humidity sensor. (8) 3-axes acceleration sensor.
It is well-known that alterations in BGL aects the electrical properties of
blood, as well as the electrical properties of subcutaneous tissue, at microwave
frequencies. In order to measure the change in the electrical properties of intersti-
tial uid with respect to glucose levels, an in-vitro study performed by collecting
the blood plasmas of twelve healthy volunteers [34]. The electrical properties
of blood plasma were measured between 100 MHz and 20 GHz using Agilent's
open-ended slim coaxial probe kit; this was performed by adding dextrose to the
plasma sample in concentration from 0 mg/dl to 16000 mg/dl. According to the
measured results, the conductivity values between 15 GHz and 20 GHz were more
sensitive to changes in the glucose concentrations in the blood plasma. Please
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refer to Chapter 1 for Fig. 1:4 (a) and (b).
Figure 2.4: Experimental set-up for measurements: a cubic cell sandwiched be-
tween two antennas [35] .
Another experiment was performed to relate the change in microwave res-
onance characteristics with the alterations in BGL [35, 36]. A blood sample
containing 6 mmol/dl of glucose was poured in a cubic test cell and exposed to
low power microwave energy between 10 GHz to 20 GHz. This was achieved by
placing two SMA coaxial-to-waveguide 18 (WR62) E-eld adaptors on each side
of the test cell, shown in Fig. 2.4. The blood sample was swapped with another
blood sample containing 14 mmol/dl glucose; for both cases, the S21 magnitude
response of the system (i.e., the transmission coecient or transfer function) was
measured with an Agilent 8720ET VNA. The observed minimum in the S21 re-
sponse for the rst sample occurred at 13:130 GHz; for the second test sample, the
frequency of the minimum shifted upwards by 332 MHz, occurring at 13:452 GHz.
The frequency shift occurs due to the permittivity change in the blood glucose
levels. Also, it was observed that the Q factor (a measure of the bandwidth and
loss in a system) for the rst sample was higher than for the second sample. Both
experiments showed that microwave detection is a promising approach to detect
blood glucose level non-invasively. However, in-vivo measurements of electrical
properties, as well as the eect of other parameters in blood on the electrical
properties, should be further investigated.
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(a) (b)
Figure 2.5: (a) Initial design of microwave sensor (b) Modied microwave sensor
with silicon positioning aid [37].
Recently, a spiral-shaped microwave sensor, shown in Fig. 2.5, has been devel-
oped and tested for non-invasive monitoring of BGL [37]. The sensor design was
evolved from the microstrip ring-resonator. Testing of the sensor was performed
with a `soda test', in which the author fasted for at least eight hours before
consuming a soda drink with high sugar content to increase the BGL rapidly.
During the soda test, the author measured the sensor response for two hours at
ten minute intervals, by placing the spiral part against the wrist. Meanwhile, the
blood glucose level was tracked with a commercial glucometer. The rst maxi-
mum of the S21 response was tracked. The structure is designed to operate at
Medical Implant Communication Service (MICS) band (401-406 MHz); however,
when placed to the human wrist it is operating at 465 MHz. During the soda
test the rst maximum of the S21 was increased by 8:5 MHz, shown in Fig. 2.6.
However, the author did not show a comparison between the glucose level and the
peak shift. Also, the applied pressure was not measured during the experiment.
It is known that the applied pressure changes the resonance response signicantly.
In order to control the eect of the pressure, the sensor is mounted on a
xed structure with a pressure sensor. This time sensor is modied to take
measurements from the thumb, shown in Fig. 2.5 (b). 5 subjects are asked to
measure the capillary blood glucose level with o-the-shelf monitoring devices.
Then the subjects were asked to place their thumb on top of the resonator with
controlled pressure. Then the response of the resonator is recorded. The data
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Figure 2.6: Change of the rst maximum of S21 during the soda test performed by
placing the resonator towards the wrist every ten minutes with a male subject [37].
collected from the subjects are used to calibrate the sensor, given in [37]; however,
the author did not give the details of the algorithm and no quantication of the
error is given. The calibration results are shown however the technique have not
been tested with subjects. Although this approach showed promising results,
the designed sensor is still bulky for home monitoring. Also, there is a need to
validate the performance of the sensor with subjects. Additionally, as mentioned
in the [37], calibration is limited with healthy individuals the blood glucose level
are uctuating between 80 mg/dl to 130 mg/dl.
Another preliminary study was published recently on non-invasive measure-
ment of BGL using millimeter-waves [38, 39]. In the study, the return loss of the
system measured by placing dierent glucose solutions as a load. Although the
change in the frequency of resonance, as well as the Q factor, is in an acceptable
range, human tissue is, in reality, very lossy; therefore, the penetration depth at
higher frequencies will be very low.
Usually, in near-infrared spectroscopy, the peripheral tissue is exposed to the
near infrared radiation and the transmission or reection from the tissue is mea-
sured. The blood glucose data is extracted through analysis of the measured tis-
sue response. In [40], the validity of the extracted glucose values from measured
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spectral absorption was discussed. The absorption of the radiation by glucose
is very small, compared with absorption from background tissues. Experiments
were performed using a protein solution with beef fat; under controlled conditions,
the near infrared measurements were taken whilst altering the glucose levels. It
was observed that, although no glucose was present, the measurement results was
predicting its presence. Recently, algorithms for better estimation of the blood
analytes were developed using Raman spectroscopy [41]. ([40, 41] contain a good
overview of the challenges that must be overcome by spectroscopic methods of
determining BGL for the interested reader.) Deleterious eects of scattering and
absorption from the surrounding environment, termed as turbidity is one of the
major causes of intensity and shape distortions in Raman spectra. The proposed
method corrects intensity and shape distortions of the Raman spectra; it was
tested with a set of tissue phantoms with same concentration of Raman scatter-
ers but with dierent background turbidities. This method presents a promising
approach on correcting intrinsic line shapes and intensity information. More re-
cently, an algorithm was developed to estimate the BGL change from the change
in the glucose level in transcutaneous tissue [42]. However, alterations in the
glucose level of interstitial uid lags behind the change in BGL. This time lag
should be addressed and estimation should be performed accordingly.
2.1.3 Monitoring The Cardiac Activity
Conventional monitoring of cardiac activity is performed in a clinical setting in
real-time during a visit to the facility, by recording electrocardiograph (ECG)
signals. Monitoring the heart activity through ECG signals is a very common
technique, performed by placing at least three electrodes to the skin to measure
the electrical activity of the heart. Traditionally, Holter monitors are used for
ambulatory monitoring during the recovery period after cardiac surgeries [43].
Although Holter monitors are capable of providing continuous monitoring, the
central unit of these monitors is bulky and each electrode is connected to the
central unit with wires. Therefore, use of the Holter monitor interrupts the daily
routine of the patient and is not feasible for unobtrusive continuous monitoring.
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Over the past few years, with the advancement in wireless technologies, Holter
monitors have been miniaturized and evolved into complete wire-free monitoring
devices such as capacitive electrodes. Although ambulatory wire-free devices look
promising for continuous monitoring, there is still a need for further development
of such devices.
Development of an ideal electrode for ambulatory devices is vital to achieve
continuous unobtrusive monitoring. Commonly-used electrodes for clinical appli-
cations are gel-type Ag/AgCl wet electrodes. Even though these electrodes have
been reliable, compact and low-cost, continuous usage of wet electrodes causes
skin irritations, since these electrodes employs conductive adhesives in order to
maintain the resistive electrical contact with the skin. Also, the signal quality
from these electrodes decreases signicantly when the gel dries, due to the loss of
proper contact with the skin. As an alternative to wet electrodes, dry electrodes
were developed; however, most dry electrodes are not bio-compatible, since they
are usually constructed with hard substrates. Also, when placed on skin, dry
electrodes have a higher impedance than gel-type ones [44, 45]. More exible dry
electrodes have been developed by using conductive rubber or elastic materials
instead of hard substrates [46]. Conductive-rubber-based electrodes use human
sweat to maintain the contact with the skin, instead of conductive gel. These elec-
trodes can be integrated into clothing. As well as being exible, the conductive
rubber is approved for short-term implants; thus, it is expected to cause the least
skin irritation. However, these electrodes still require contact with the skin and
long-term usage of rubber-based dry electrodes still causes skin irritation. Motion
is another factor that aects the measurement results: it causes a change in ex-
ternal pressure and eventually aects the contact between the electrode and skin.
Alternatively, insulated electrodes are capable of sensing ECG signals through
clothing via capacitive sensing, without a resistive electrical contact with skin,
as shown in Fig. 2.7 [47, 48]. Earlier versions of capacitive electrodes used un-
comfortable materials in order to provide high capacitance. However, over the
last few years, bio-compatible materials have been used and these electrodes have
been integrated with small wireless sensing devices, termed `motes'. Addition-
ally, capacitive electrodes provide good signal quality regardless of motion. Thus,
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Figure 2.7: Capacitive electrodes proposed in [47].
insulated bio-electrodes are a promising approach for wireless cardiac monitoring
and are an example of the current state-of-the-art technology in this eld.
Mechanical cardiac activity can be tracked with microwave sensing. Mi-
crowave sensing does not require direct contact with the skin and employs a
transmitter and a receiver in which the exact position of chest is detected by de-
modulating the phase of a scattered Doppler radar wave. Recently, a single-chip
implementation of a Doppler radar technique has been presented [49]. However,
a detailed morphology of the ECG is not available with the Doppler radar tech-
nique.
2.1.4 Monitoring Respiration
In clinical research, conventional non-invasive monitoring of respiration rate is
performed by impedance pneumography and inductive plethysmography. Impedance
pneumography measures the impedance change between two electrodes placed on
the chest. Thus, this technique measures the movement of the chest caused by
the respiration cycle. Impedance pneumography is prone to errors from posture
changes and motion. Inductive plethysmography, on the other hand, employs
two copper wires: one is placed around the abdomen, the other placed on the
chest. During the respiration cycle, volumetric dierences occur and this causes
self-induction of the two wires. Inductive plethysmography is a more reliable
technique compared to impedance pneumography.
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Recently, a measurement system for drivers was introduced, where the respi-
ration rate is derived by measuring the pressure applied to a gauge embedded in
a seat belt [50]. Alternatively, a yarn-based piezo-resistive textile sensor has been
developed to estimate the respiration rate through the strain output of the sensor
when it is subjected to tensile strength [51]. Another study compares the mea-
surements of heart rate and respiration cycle outputs of two dierent materials:
one piezoelectric plastic polyvinylideneuoride (PVDF) and the other electrome-
chanical lm (EMFi) embedded into clothing [52]. The PVDF sensor produces
electrical signals with the mechanical changes in material. The EMFi sensor has
two electrodes embedded in fabric and connected to each other with conduc-
tive wires. Although this study found similar results between the two sensors,
the study was performed when the subjects were in a resting state. Other non-
invasive measurement techniques include estimating the respiration rates through
cardiac activity.
2.1.5 Multi-parameter monitoring
Ideally, monitoring systems for mobile health should be unobtrusive, incorporate
multiple sensors, give real-time feedback and provide wireless communication
with on-line data evaluation. To this end, several papers have been published
and commercial multi-parameter sensors have also been produced. Of these com-
mercial products, devices for performance monitoring (such as the Nike iPod kit
and `adidas miCoach') have been successful. However, these devices are limited
to measuring one or two parameters and are not suitable for monitoring chronic
disease patients. Combining sensors for vital sign monitoring has been studied
by research groups in academia, as well as in industry. LifeShirt (Vivometrics
Inc., USA) is an example of a multi-parameter monitoring system [53]. LifeShirt
includes a garment, analysis software and a data recorder. Respiration, ECG,
activity, and posture are monitored with the sensors attached to the garment.
The device has been tested in many clinical settings and has been used success-
fully in animal studies as well. Even though LifeShirt is a promising invention,
it is lacking wireless nodes to provide real-time data transfer. `WEALTHY' is
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another textile-based garment developed to monitor ECG, respiration, activity,
and temperature measurements [54]. ECG monitoring is performed with knitted
yarn-based sensors integrated into the wearable garment. When the patient is
in a resting state, good quality signals are obtained; however, during physical
activity, the movement of the arm causes signicant noise. Therefore, hydrogel
is required to maintain the ohmic connection with the skin. The system em-
ploys piezoresistive sensors for respiration and activity sensing. The main goal of
textile-based systems is to develop a wearable and washable garment for monitor-
ing vital signs data; they are usually aimed at cardiac, asthma and sleep apnea
patients. Another study on multiple health monitoring devices is `AMON', shown
Figure 2.8: AMON wrist module [55].
in Fig. 2.8, which employs a miniaturized wrist-type device and a stationary de-
vice [55, 56]. AMON is capable of monitoring blood oxygen saturation (SPO2),
temperature and activity continuously. Note that SPO2 is the amount of oxy-
gen carried by the red blood cell indicating how well the respiratory system is
functioning and the ratio uctuates between 90% to 95% for healthy humans.
It employs a reectance sensor for SPO2 measurement. The reectance sen-
sor detects the SPO2 level by measuring the absorbance levels of two dierent
signals with two wavelengths. The activity of the individual is measured by ac-
celeration sensors. Besides the aforementioned sensors, the wrist-type device also
employs an oscillometric blood pressure sensor and single lead ECG monitoring.
The ECG and blood pressure measurements are taken three times a day or upon
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the request of the patient. ECG monitoring is performed with gold electrodes
(which has higher impedance) and is converted into a twelve lead ECG signal at
the stationary unit; therefore, the reliability of the ECG results is questionable.
Additionally, for blood pressure monitoring, AMON incorporates the traditional
inatable cus; thus, the mobility of the patient is restricted during the measure-
ment. The advantage of the AMON system is that the system includes a mobile
communication (GSM) transceiver, which enables data exchange with the health-
care provider. Moreover, the device can perform data analysis on-line, enabling
real-time feedback and emergency detection. Many other devices combining sev-
eral sensors to monitor multiple parameters are available, such as SenseWear [57],
Escort Guardian [58], Micropack [59], Smartshirt [60] and VTAMN [61]. These
products and studies have been reviewed in the literature numerous times; thus,
a detailed review of them is not included.
2.2 Wireless Technologies
Current physiological monitoring systems oer dierent means of communication
between on-body sensors and the main data-capture unit. The simplest way of
providing secure data transfer between the sensors and the main unit is wires.
The implementation of wires in such systems is easy and low-cost; an obvious
example of this technique is the aforementioned Holter monitor. However, these
monitoring devices are obtrusive, presenting a challenge to patients in continuing
their daily routine; in addition, the risk of wire tangling may mean that system
failure is more likely. Over the past few decades, a number of alternative commu-
nication techniques have emerged. One is the use of so-called `smart clothes' for
on-body communications, where electronic devices (and, usually, interconnections
in the form of wires) are embedded and woven into the fabrics. However, smart
clothes are expensive and may force the end user to ignore personal preferences.
Another innovative approach is communicating through biological channels (bio-
channels); here, the human body is used as a communication channel by allowing
data transmission between near electronic devices through near eld electrostatic
coupling [62]. One limitation is that only small amounts of data (on average
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2:4 kbps) can be transmitted through bio-channels; therefore, their use is not
desirable for body area networks (BANs).
There are three general scenarios for wireless body-centric communications
[4]:
 o-body, where a device located on a body communicates with one or more
devices located o-body;
 on-body, where a number of devices located on the body communicate with
each other;
 in-body, where some (or all) of the devices on-body are implanted, rather
than worn (e.g., pace-makers).
The latter two cases can be grouped together under the term `intra-body commu-
nications '. Where the o-body case deals with communications between wireless
BANs (WBANs), it is termed `inter-body communications '. It should be noted
that the o-body case can cover propagation distances ranging from less than a
metre up to tens of metres, whereas the intra-body cases will be less than two
metres (the most extreme case could be a device near the foot communicating
with a device near the head). Inter-operability of WBANs that may be located
in close proximity is a critical issue. The o-body case is exemplied by mobile
telephones; a great deal of research has examined how the performance of these
devices is aected by proximity to the human body. This scenario will not be
discussed further in this paper; the interested reader is directed to the literature
(see, for example, [63, 64, 65, 66, 67, 68, 69]).
With the recent advancements in wireless technologies, wearable monitoring
systems can operate without wires by integrating wireless modules with on-body
sensors. Using wireless communication is benecial in many ways. First and fore-
most, real-time monitoring of collected data can be achieved more easily, which is
useful for launching alert mechanisms. In addition, wireless on-body sensors are
more unobtrusive for patients, allowing them to continue with their daily routine
more easily. Moreover, these systems enable out-patient care, potentially even
after more signicant operations, thus decreasing healthcare costs. Finally, by
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allowing the individuals to track their own data with real-time feedback through
smart-phones or PDAs, chronic disease suerers can manage their disease more
eciently.
Providing reliable wireless transmission of data between on-body sensors (and
also o-body to mobile, or stationary, devices) is a demanding task. There are
a number of fundamental challenges that exist in understanding the propagation
characteristics around the body, as well as the means of coupling radiated energy
into these propagation channels through optimum antenna design [4]. From a
communications perspective, dierent applications may have dierent bandwidth
requirements, whilst all physiological data must be treated in a careful and se-
cure manner; these lead to certain constraints on the optimum communications
protocol for WBAN applications. Furthermore, the wireless module should be
light-weight, low-power, low-cost and compatible with the remaining circuitry [9];
these constraints will also inform protocol and antenna design. Recent progress
in addressing these challenges is reviewed in the following sections.
Whilst simple one-sensor systems are valid examples of the WBAN concept, it
should be noted that the greatest realisation of the potential of a WBAN system
is when applied to multiple sensor nodes on-body, such as the multi-parameter
monitoring systems discussed in Section 2.1.5.
2.2.1 Wireless Communications Protocols
Several approaches have been developed for on-body wireless communication; for
example, IEEE 802.15.1 (Bluetooth) is one of the widely-used standards for wire-
less Personal Area Networks (WPANs) { these dier from WBANs in the extent
of the propagation range: WBANs cover the immediate area of the body (intra-
body communications), whilst WPANs extend away from the body (o-body
communications). However, some of the uses overlap and are dicult to distin-
guish; a typical example of Bluetooth usage for WBANs is transmission of voice
data between a head-set and a cell phone [70]. Bluetooth-enabled devices can
operate at the unlicensed industrial, scientic, and medical (ISM) band around
2:45GHz (2.40-2.48 GHz), divided into 79 channels, with a 1 Mbps data rate.
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The modulation technique is Gaussian frequency-shift keying (GFSK) and it is
capable of transmitting data to a range of between two to ten meters. Note that
GFSK is a continuous phase frequency shift keying modulation technique which
uses a Gaussian lter to smooth the binary frequency deviations. The maximum
transmitted power is 0 dBm (1 mW). Multiple Bluetooth devices can form a pi-
conet, a star-topology network consisting of a master device communicating with
seven slave devices. This is the basic conguration, although multiple piconets
can be linked into `scatter-nets'. Recently, the lower layers of the Wi-Fi proto-
col (IEEE 802.11 PHY/MAC layers) were adopted for higher data throughput.
For very low power requirement applications, such as body-worn wireless sensors,
Bluetooth also oers a low-power option [71]. However, high power consumption
is still a limitation for Bluetooth, compared to other enabling technologies; in
addition, since it oers ad-hoc networking, it is vulnerable to security concerns.
Another wireless enabling technology is ZigBee, built on the IEEE 802.15.4
standard, used for low power and low data rate communication. It also operates
at the 2.45 GHz ISM band, with 16 channels globally; the data-rate is 250 kbps
and it is capable of transmitting data between 1 to 100 metres. A data rate
of 250 kbps is considered adequate for most current health applications. The
digital modulation scheme is oset quadrature phase-shift keying (OQPSK). It
also operates at 915 MHz in America, with ten channels at a 40 kbps data-rate;
and at 868 MHz on one channel in Europe, with a 20 kbps data-rate. Star, tree
and mesh topologies are all supported network architectures. Data transmission
security is protected by the use of the Advanced Encryption Standard (AES)
in ZigBee [72]. The battery life for ZigBee is expected to be months, whereas
battery life is limited to days for Bluetooth. The target market for ZigBee is
low data-rate, low energy applications. With its simple architecture and the low
power requirements, ZigBee is more suited to medical applications, compared to
Bluetooth.
Ultra-wide band (UWB) technology has received attention lately as a promis-
ing method, since it oers high data rates for short ranges, as well as its very
low power requirements. The US Federal Communications Commission (FCC)
approved the 3.1{10.6 GHz band for UWB. UWB can provide high data rates
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(1 Gbps) up to a distance of ten metres. Data transmission is limited to this
short range due to the low power output of UWB systems.
Other wireless standards include the medical implant communication service
(MICS) band (401-406 MHz), used for bi-directional communication between the
implants and body-worn/external units. This band is authorized for implantable
antennas [73, 74] that can be integrated into pacemakers and implantable sen-
sors; however, there are regulatory constraints on its operation outside hospital
environments that limit its usefulness in the wider WBAN market. Finally, the
opening-up of spectrum in the millimeter-wave band (particularly around 60 GHz)
has attracted attention for a number of short-range applications, particularly for
indoor use. Although more analysis is required, due to the relatively immature
nature of the eld, it may oer the same advantages and disadvantages as UWB.
There is, at present, no single `ideal' standard available for physiological mea-
surement systems based on wireless body sensor networks (WBSNs) [72]. The
IEEE 802.15.6 Task Group is seeking to address these issues and indications are
that the new standard will have the following characteristics [72]:
 scalable data-rates, from 1 kbps to hundreds of Mbps, for use with sensors
with diering bandwidth requirements;
 short-range, from two to ve metres;
 network sizes of up to 100 devices will be allowed;
 it will guarantee very low latency in data paths;
 ultra-low power consumption, of the order of 0.1{1 mW, will be targeted;
 operation in the 2.36{2.40 GHz band is proposed, to take advantage of exist-
ing commercially-available technologies and mitigate potential interference.
It is unclear, at present, whether non-medical applications of wireless physiolog-
ical measurement systems are envisaged for this standard, or whether it will be
solely optimised for healthcare applications. It is the nature of standards devel-
opment that much time is required; there are many parties, both part of and
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exterior to the development process, who are awaiting the new standard with
interest.
2.2.2 Antenna Design
Characterization of antennas is the key to establish reliable on-body data trans-
mission between sensors and the main data-collecting node (this may be worn
on-body or an external stationary or mobile unit). Antennas for WBAN com-
munication are required to be compact, low-weight, conformal, high eciency
and compatible with the remaining circuitry for seamless integration. Design-
ing antennas for WBAN applications is not a straight-forward task, since an-
tenna performance is aected by various parameters, such as impedance matching
and electromagnetic absorption when placed on-body. Therefore, when designing
antennas for WBANs, careful consideration should be given to the presence of
lossy human tissue. To this end, many antenna designs have been proposed for
wearable applications, including textile antennas (i.e., antennas fabricated using
textile-based materials).
The eect of the presence of the human body on antenna performance has been
widely investigated in the literature. In a recent study, the free-space performance
of dierent planar antennas operating in the 2:4 GHz ISM band was analysed and
compared with the on-body performance [75]. The eciency and gain of an on-
body antenna can be aected by three main parameters:
1. antenna distance from the body;
2. antenna location on the body; and
3. the antenna type.
In order to test the eect of the antenna's distance from the body, six antennas
(derived from the traditional dipole, monopole and loop antennas) were placed
at separations of 1 mm, 4 mm and 8 mm away from the body. It was observed
that the resonant frequency was detuned as the antennas were placed closer to
human body. The human body has dispersive electrical properties and is very
lossy at higher frequencies; therefore, the presence of the human body changes
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the eective length of the antenna structure at the operating frequency of the
antenna. The type of antenna is another important parameter that denes the
magnitude of detuning: in the above study, it was concluded that the antennas
with a ground-plane were less prone to the change in proximity to the human
body, making them more suitable for WBAN applications.
The aforementioned antennas were also placed in dierent locations on the
body, including the right and left ears, chest and ankles. According to the results,
creeping waves were observed for a printed monopole antenna when placed on left
chest; however, the waves decayed rapidly due to the lossy environment.
A button-shaped antenna, based on a Yagi microstrip array design and op-
erating at 2.45 GHz, has been proposed for tele-medicine applications [76]. The
directivity of the antenna was enhanced with director patches, in order to pre-
vent back-radiation and minimise losses. 8 MHz bandwidth achieved at desired
frequency, however, as we mentioned earlier the narrow bandwidth antennas is
more likely to fail on reliable data transfer.
An innovative approach is liquid antennas for communication with implants.
The electrical properties of on-body antenna substrates are very low, compared to
those of the human body. The human body is mostly composed of water, which is
among the materials with highest electrical properties (that is, relative permittiv-
ity and eective conductivity). Therefore, the near eld of metal-based antennas
when positioned on the skin is disturbed with the reections from body. Due to
the electrical property dierences, the electromagnetic waves cannot penetrate
the skin and are conned in the substrate. To prevent this phenomenon and pro-
vide better electrical property matching, a liquid antenna using a saline solution
was designed [77]. The liquid is encapsulated with a bio-compatible material and
simulated. The liquid antenna seems a promising approach for communication
with implants.
The electrical properties of the organs and skin and muscle are dierent;
therefore, the dierences in the amount of muscle or fat, or even the skin, will
cause dierences in the observed antenna performance. These dierences may be
observed with respect to gender and age dierences from one subject to another;
they may also be expected to vary for the same subject over time. This shows
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the importance of subject-specic characterisation of on-body antennas.
2.2.3 On-body Propagation
The channel variation between a transmitter and a receiver in an indoor or out-
door environment is caused by the interference between multiple scattered waves
from the surrounding environment. Communication between antennas mounted
on the body is achieved with both space waves (i.e., propagating through the
air around the body) and surface (creeping) waves (i.e., propagating along the
surface of the body, at the interface between air and body) [78]. The on-body
propagation environment is, in some ways, similar to that in both indoor and
outdoor environments, in that it is aected by scattering from the local environ-
ment. However, it diers from these propagation environments in that channel
variation is aected mainly by the change in body posture. In fact, changes in
the posture { hence, the geometry of the body channel { aects on-body prop-
agation dramatically, including during even the simplest daily activities. The
movement of the body parts changes the distance between antennas and causes
channel variability; for example, antennas placed on a hand show dramatic chan-
nel variability [4]. Thus, on-body channel characterisation is a crucial task and
needs to be studied for ecient antenna design. Two cases on-body and intra-
Figure 2.9: Inter-body propagation case in [79]
body propagation, shown in Fig. 2.9, have been considered in a subject-specic
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study [79]. For on-body propagation, a patch antenna, operating at 2:45 GHz,
was placed on the left chest; the receiver was placed alternately on the front and
back of the subject to investigate both the line of sight (LOS) and non-line of
sight (NLOS) cases. The simulation was performed using the parallel nite dier-
ence time domain (FDTD) method and the results veried with measurements.
The study concluded that the propagation along the chest was highly dependent
on the chest size, where the path-loss exponent increased when the receiver and
transmitter were placed on larger chests. The variability of channel for intra-body
communication case is vaguely eected from change of the subjects. It has been
found that the WBAN channel characterisation is subject-specic if the received
signal contains creeping waves around the body.
As mentioned previously, UWB has a great potential for WBAN applications.
In a recent study, the UWB radio channel was investigated experimentally with
two UWB antennas [80]. Horn-shaped self-complementary (HSCA) and planar
inverted cone (PICA) antennas were used for the measurement campaign. The
HSCA were placed parallel to the body and the PICA were placed perpendicular
to the body, in order to model the dependence of on-body channels to space-
wave and surface-wave propagation. The measurements were performed with 22
dierent postures in an anechoic chamber. Measurement results showed that,
when the antennas were placed on the chest, the HSCA demonstrated stronger
surface waves than those from the PICA. Additionally, it has been shown that bi-
phase modulation outperforms pulse-position modulation (PPM) with very low
transmitting power and low signal-to-noise ratio (SNR). A similar recent study
on UWB analysed the eect of body movement on channel parameters by using
tapered slot antennas operating in the 3-9 GHz band [81]. The measurements
were performed in an anechoic chamber as well as in an indoor environment; one
antenna was attached to the wrist and the other antenna successively to the head,
ankle, chest and back. The path-loss exponent decreased for the indoor environ-
ment, compared to that found in the anechoic chamber, due to the multipath
eect. It has been observed that the received power also depends on the dynamic
behaviour of the body.
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2.2.4 Security in Wireless Implantable/On-body Devices
The rapid expansion of the availability of mobile devices and wireless technolo-
gies enables the user/patient controlled usage of implantable and on-body devices.
Cardiac pacemakers, insulin pumps and on-body cardiac monitoring devices are
now integrated with wireless components in order to communicate with a station-
ary or a mobile unit, via a WBAN. Although integration of wireless technologies
to such devices has many benets, it also presents many challenges, including
enabling the secure transmission of the collected private data, prevention of elec-
tromagnetic interference between dierent wireless devices and compatibility with
the remaining circuitry, as well as compatibility with, and safety of, the biological
tissues.
Secure transmission of private medical data needs to be ensured, during both
WBAN transmissions and during the submission of the data to the cloud or
healthcare provider through the Internet or cellular network. Although the re-
quirements for security and privacy of medical data are high, other constraints
(such as low power requirements) on wireless health monitoring systems place lim-
its on what can be achieved on-body. Dierent system architectures have been
proposed in the literature. In a recent study, the security of a remote cardiac
monitoring system was analysed [82]. In this paper, data transfer was modelled
from the sensors to the BAN gateway, then to a wireless router and through the
Internet to the monitoring server. Data collection and processing was performed
in the gateway, thus memory and power requirements were high. The gateway
also included two types of wireless communication: a receiver for data collec-
tion from on-body/implantable sensors and a wirless local area network (WLAN)
adapter to submit the processed medical data to the wireless router. The decision
unit was the monitoring server, where the collected data was proled: if the data
indicated a critical case, the unit would activate an alarm.
In [82], o-the-shelf products were used for the sensor nodes, the electrode
patches, the gateway 802.11 module and the commercial server with proper stor-
age and feedback system. The proposed wireless architecture is prone to two
major security threats; the system is vulnerable during the routine usage by the
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patient and it is vulnerable to attacks during the transmission of the data to
authorized personnel (such as the health care provider) through the web por-
tal. During the transmission of collected data from on-body sensors, intruders
could potentially attack from an unauthorized source and manipulate the vital
signs data; alternatively, a denial-of-service attack could be used to prevent the
collection of the sensor data by the WBAN gateway. This could cause a mis-
interpretation of the vital signs data and might generate a false alarm or the
failure to detect a critical situation, such as a heart attack. The second vul-
nerability is at the link between the WBAN to the (Internet-based) monitoring
server. This again could take many forms, including denial-of-service attacks and
the unauthorized access to the medical data of the patient, violating privacy and
condentiality; one method might be through social engineering by targeting the
healthcare providers.
Another study illustrates the privacy violation issues with dierent scenarios
[83]. The scenarios includes the protection of the patient's rights to protect his
own healthcare record, the privacy of the healthcare provider and the restrictions
on the patient to access his own information due to the purpose of the treatment.
The study also illustrates the role context may have in privacy protection of both
healthcare provider and patient, such as location information. The development
of a secure health information acquisition and distribution architecture is vital
for the reliable usage of pervasive mobile healthcare systems.
2.2.5 Bio-compatibility and Electromagnetic Safety
The interaction between devices emitting electromagnetic waves is highly inves-
tigated in the literature. It is well-known that such devices can cause electro-
magnetic interference (EMI). Recently, a study on the eect of EMI to wireless
healthcare devices was performed and the possible EMI scenarios investigated
[84]. An example of EMI is the interaction between high priority medical de-
vices, such as insulin pumps, and RFID tags which are used in hospitals in order
to identify the blood or urine samples. If the insulin pump is exposed to an
RFID signal at 915 MHz, it injects the insulin without the need of it. This eect
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presents a high risk for diabetes patients. While there are several regulations
that address the allowed levels of EMI between such devices, there are still areas
where more can be done. Patients relying on implantable devices, such as insulin
pumps and cardiac pacemakers, are still vulnerable to such eects.
Implantable sensors can be used either for diagnosis or sensing purposes (such
as implantable antennas [85, 86]), or as life support agents (such as cardiac pace-
makers, drug pumps, needle-type invasive blood glucose monitoring devices and
neuron stimulators). Besides the power and small size requirements, implantable
devices also need to be compatible with biological tissues in order to prevent
possible infection and rejection of the device by the biological tissue. Usually,
implantable devices should be covered with bio-compatible materials, such as
medical-grade silicon; alternatively, bio-compatible materials should be used in-
strinsically during the production of the implantable device. In a recent study,
stens, a bio-compatible material approved by FDA, was used as a radiating struc-
ture for wireless telemetry purposes [87]. A dipole antenna was built by using
stens to acquire cardiac-related data, such as blood pressure, by integrating the
dipole to an implantable haemo-dynamic monitor by Medtronic. The dipole oper-
ated at 5 GHz and had a total length of 30 mm. The antenna was rst simulated
with HFSS, encased in a muscle `box'; ex-vivo measurements were also taken by
immersing the dipole into a saline solution, simulating the electrolyte balance of
the blood. Finally, in-vivo measurements were taken by implanting the dipole
into a pig. The signals were received from the implanted stens-based dipole using
a horn antenna; this proved the possibility of the usage of stens-based antennas
for body telemetry.
Compared to implantable devices, on-body devices are less prone to the bio-
compatibility constraint. However, long-term skin contact with such devices can
cause dierent forms of skin irritations. A popular example of this is the previ-
ously described Ag  Cl electrode for cardiac monitoring. The adhesive gel used
to ensure a good electrical contact usually causes skin irritation when used for
a long time. Thus, on-body devices should either also be developed with bio-
compatible materials, or on-body devices should be truly non-invasive, where no
skin contact is required for the acquisition of the desired data (this implies the
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embedding of the on-body device into some wearable structure and material that
can act as a protective layer to the skin).
2.3 Conclusions
In this chapter, the evolution of wearable systems for chronic disease management
has been discussed, with examples drawn from the literature. An evaluation of
current sensing technologies has been provided for the major physiological pa-
rameters (the vital signs), as well as a review of on-body communication from
an electromagnetic perspective. Current sensors technology for vital sign moni-
toring is promising to alter the traditional chronic monitoring routine. However,
designing non-invasive body-worn sensors is very challenging, often requiring a
broad understanding of the nature of the disease and its eect on physiolog-
ical parameters. Although there are sensors available o-the-shelf for cardiac
and blood-pressure monitoring, there is still a need for improvement to achieve
continuous and truly non-invasive monitoring of these parameters. The main
constraints for sensor design are:
 low power requirements;
 reliability;
 security; and
 conformal design.
In order to achieve unobtrusive monitoring, implementation of wireless mod-
ules is vital. Integration of wireless modules to on-body sensors not only provides
mobility for the patient, but also has the potential to change the conventional
healthcare system with real-time feedback support. The limitations for wireless
modules are low power requirements, reliable data transmission, compatibility
with the sensor, and conformal antenna design. Although wireless protocols are
available for on-body communication, there is still a need for development, in
order to ease the existing constraints. It is hoped that the eorts of the IEEE
802.15.6 Task Group will bear fruit in this area.
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Although the design and implementation of on-body monitoring systems presents
a challenging task with several constraints, the benets of employing multi-
parameter monitoring systems for the prevention, prediction, and management of
diseases are myriad. On-body monitoring systems with multiple sensors are not
only capable of providing an extensive database of the patient's medical history:
the simultaneous usage of multi-parameter monitoring sensors can also verify or
correct the collected data, adding redundancy into a potentially safety-critical
system; or the additional information can place a particular event detected into
context. For example, the previously mentioned blood pressure monitoring sys-
tem in [23] can be used in combination with ECG monitoring device for acquired
data verication purposes: if there is a failure in the electronic circuitry or soft-
ware of the cardiac-activity monitoring system, blood pressure monitoring device
can be used instead, in particular for critically ill out-patients. Another example
where a multi-parameter monitoring system could bring benets is the combina-
tion of a blood-pressure monitor and blood-glucose level monitor: the BP monitor
could provide context (in the form of blood ow rate dierences) for the calcu-
lation of BGL by the BGL sensor, leading to improvements in the accuracy of
the measurement. On the other hand, there may be alternative interpretations of
certain symptoms (that is, there may be more than one cause) that could be more
easily resolved given more information; for instance, a (sudden) drop in blood-
sugar levels would be of more concern if the patient had been relatively inactive,
compared to if the system had detected an increase in physical activity. Thus,
multi-parameter monitoring systems will be more reliable and useful, compared
to single-parameter monitoring devices.
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Chapter 3
Tissue Mimicking Phantoms
Microwave resonators, antennas, and radio frequency (RF) devices, operat-
ing in the in-body and on-body environment, should be designed and tested
considering lossy tissue surroundings. The dielectric properties of the biological
medium, namely the key parameters to represent the medium during the design
and testing of RF/microwave devices, are now widely available [1, 2, 3, 4]. Such
data enabled researchers to replicate the lossy media during the numerical sim-
ulations of RF/microwave devices in electromagnetic simulation softwares and
during testing of the proposed devices.
Within the past several decades, with the emergence of microwave and RF
medical applications, the need for early stage testing of such devices has emerged.
Until recently, such studies have been limited to numerical simulations. However,
digital phantoms used in such simulation softwares are typically either homoge-
neous, or of low resolution [5, 6]. With the wide deployment of commercial ul-
tra-wideband dielectric spectroscopy techniques, many dierent tissue phantom
(TPh) physical materials have been proposed in the literature as an initial step
to verify the proper functioning of RF or microwave devices [7, 8, 9]. Reported
TPh materials can be classied based on dierent parameters such as frequency
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of interest, tissue type, and matter state of the phantom. Throughout this thesis,
the physical phantom materials are categorized based on the sate of the matter.
In this chapter, liquid and semi-solid phantom materials are presented. The
liquid, and some of the proposed semi-solid phantoms presented are not intended
to mimic the dielectric properties of biological tissues. Such phantoms are utilized
to represent the lossy environment in order to assess the dielectric property de-
pendance of the spiral resonator response, presented in Chapter 4. The intention
is to investigate the behaviour of the proposed resonator in lossy environment.
This chapter also presents novel recipes for semi-solid oil-in-gelatin dispersion
TPh materials that are mimicking dielectric properties of biological tissues for an
ultra-wide frequency band (0:3 to 20 GHz). Note that, throughout this thesis,
wideband refers to 0:3 to 3 GHz, narrowband refers to MICS or ISM bands, and
ultra-wide band refers to 0:3 to 20 GHz.The proposed TPh materials are pro-
duced by using o-the-shelf ingredients and the production lasted 2 hours. Then
the characterized phantoms left to solidify overnight in room temperature. The
proposed tissue mimicking phantoms are characterised by using few o-the-shelf
ingredients; thus, the proposed phantoms can easily be replicated comparing to
the previously proposed phantoms in the literature. The production time of the
phantom is also shorter comparing to the previously proposed phantom materials.
The limitation of the proposed phantoms is as the water content of the tissue
is increased the root mean square error between the proposed phantom dielectric
properties and the tissue dielectric properties given in literature is increasing.
This is due to the dispersion mechanism of the water. Mimicking the high varia-
tion of dielectric properties over a wide frequency range is challenging. Although
the proposed phantoms is able to mimic the dielectric properties of high water
content tissues within an acceptable error range, there is still a need to investigate
the other materials/methods for phantom production to decrease the error.
This chapter is organized as follows: Section 3.1 presents the background of
liquid and semi-solid phantom types used for testing the RF/microwave devices,
while the probes used for dielectric spectroscopy are described in Section 3.2.
Section 3.3 provides the recipes and dielectric property measurement results of
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the liquid phantoms. The dielectric spectroscopy results and recipes for non-tis-
sue-mimicking semi-solid phantoms are given in Section 3.4. Recipes for tissue
mimicking materials, along with the dielectric property comparison with the lit-
erature data, is given in Section 3.5. Finally, conclusions are drawn in Section 3.6.
3.1 Background
Testing of on-body and implantable devices with animal or human subjects is
a costly task, requiring approval from ethical committees and specic facili-
ties to perform such experiments [10, 11]. However, preliminary tests can be
performed with phantoms to verify the proper functioning of antennas and mi-
crowave devices [12, 13, 14]. Dierent types of phantoms are used in the liter-
ature, including digital phantoms to investigate on-body communications, phys-
ical phantoms to test the implantable antennas, hyperthermia, and for medical
imaging (for example, microwave breast cancer and ultrasound imaging) pur-
poses [15, 16, 17, 18, 19, 20].
Characterizing physical phantoms is a cumbersome task, requiring considera-
tion of many parameters, such as the operation frequency, type of tissue, geom-
etry, thickness, homogeneity, and degradation [21, 22]. Among dierent types of
physical phantoms, we are focusing on characterisation of liquid and semi-solid
(gel-like) phantoms, since the liquid and semi-solid phantoms are the simplest
and inexpensive, as well as eective forms of physical phantoms.
The liquid phantoms in the literature have been extensively used for specic
absorbtion rate (SAR) measurements [23, 24, 25]. The liquid phantom is designed
to mimic the dielectric properties of the tissue of interest and encapsulated with
a thin shell which has low dielectric properties. Dielectric property limits for the
encapsulating shell have been given in the literature [26, 27]: the relative permit-
tivity should be less than 5 and the dissipation factor should be less than 0:05.
For SAR measurements the electric eld distribution is measured with probes and
often by drilling the shell at the point of interest to insert the probe. Although
liquid phantoms are eective when mapping a eld distribution inside the body,
collecting measurements from surface points is challenging due to the physical
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limitations. In addition, by using liquid phantoms, the body is assumed to be
homogeneous; thus, liquid phantoms are arguably most suitable for feasibility
and other early stage studies.
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Figure 3.1: Dielectric property measurements of liquids: (a) Relative permittivity
of the Triton TX-100 and DGBE; (b) eective conductivity of the Triton TX-100
and DGBE [8].
In addition to SAR measurements, the liquid phantoms can be used for testing
of implantable antennas. In [17], a liquid phantom was developed to test a dual
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band implantable antenna. The antenna was designed to operate under the skin;
thus, it was tested with a skin mimicking material that emulated the dielectric
properties of the skinwet tissue in the 2:45 GHz ISM band (2:45-2:48 GHz). The
skin mimicking material is characterized by using diethylene glycol butyl ether
(DGBE) which is a type of glycol ether and used primarily as a solvent in coat-
ings, inks, cleaners, and specialty uids [28], Triton TX-100 which is a nonionic
surfactant primarily used in detergents [29], sodium chloride (NaCl), and dis-
tilled water. Similarly, in [30], a MICS (402-405 MHz) band implantable antenna
was tested with a head tissue simulating liquid phantom composed of distilled
water, sugar, NaCl, and cellulose with the dielectric properties of " = 49:6 and
 = 0:51 S/m at 402 MHz (very close to skin tissue properties). Note that the liq-
uid phantoms in the literature are generally proposed to mimic the intermediate
content tissues, such as skin tissue or high-water content tissues, suh as muscle.
However, it could be possible to mimic the low-water content tissues, such as fat
and bone, as some chemicals (DGBE and Triton TX100) can demonstrate low
dielectric properties. Fig 3.1 shows the dielectric properties of DGBE and Triton
from 0:3 to 3 GHz [8]. Liquid phantoms were also utilized in the literature for
hyperthermia and microwave ablation [31, 32].
Semi-solid phantoms presents a more realistic representation of the complex
nature of the human body; thus, the phantoms can be used at a later research
stage, but before clinical experiments. Semi-solid phantoms are used to mimic
both high-water and low-water content tissues in the literature [33, 34, 35, 36].
The high-water content tissues have high relative permittivity, such as blood,
skin, and muscle. Conversely, the low-water content tissues have low relative
permittivity. Fat tissue, having dielectric properties lower than 10, is a good
example of low-water content tissues. Bone is another example of low-water con-
tent tissue. The application of semi-solid tissue mimicking materials presented
in the literature include testing of microwave imaging techniques [37]. Semi-solid
phantoms were also utilized to test ultrasound imaging devices [38]. Another
application among reported studies is utilization of the semi-solid materials to
map the electric eld and associated temperature distribution in the body for
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radio-frequency hyperthermia applications [39]. Semi-solid phantoms is also suit-
able for building anthropomorphic heterogenous phantoms [37]. Such phantoms
enables the realistic verication of the proper functioning of RF or microwave
devices. Conventionally, with the addition of preservatives (such as Proxel CRL,
thimerosal), to prevent bacterial invasion, semi-solid phantoms can last from six
weeks up to two years [34, 36, 40]. Some of the anthropomorphic heterogenous
phantoms composed of semi-solid tissue mimicking materials can be taken apart
and reassembled when the measurements are needed to be repeated or can be
used for another measurement. The combination of the reasonable self-life, elas-
ticity, low cost, and ease of fabrication make these phantoms a good candidate
for pre-clinical studies.
Many dierent ingredients have been used to mimic the dielectric properties
of biological tissues with semi-solid phantoms. The gelling agents proposed in
the literature include TX-150 (commonly referred as super stu ), our, agarose,
carrageenan [41], polyacrylamide [42], and gelatine. TX-150 is chemically clas-
sied as an organic hydrate. It is most suitable when the phantom needs to be
cut or reshaped, because TX-150 provides a re-healing cross-link with the dough
like consistency [43]. Stable gelling can be obtained by using a minimum amount
of 12% TX-150 [34]. Another commonly used solidier is our which is an o-
the-shelf gelling agent. However, it is cumbersome to compose TPh materials
with our since a large amount od our is needed to jellify any liquid [44]. The
addition of the our to water decreases the dielectric properties. Also our TPh
phantoms reacts with air very quickly thus the phantoms should be kept in air
tight containers. An alternate coagulator is agarose which is usually available
in white powder form. It is obtained from plants [45]. Agarose is dissolvable
in water at 85C; when cooled below 36C, the mixture solidies [46]. Agarose
is an eective gelling agent; thus, a small amount of agarose is enough to form
a gel-like material. Therefore, agarose does not aect the dielectric properties
signicantly [34, 47]. However, agarose gels are prone to water loss. Similarly,
carrageenan is a plant based jellifying agent. Another commonly used congealing
material is gelatine. Gelatine based tissue mimicking materials have been well-
studied in the literature [48, 49, 50]. Gelatine is an animal based jellifying agent,
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commonly obtained from calf skin or bones, that is commercially widely available
in granular form [51]. Gelatine dissolves above 40C, and water gelatine solutions
usually solidify below 30C. In this work, we are using gelatine as the congealing
agent for the TPh phantoms. Additionally, our is used to solidify the sugar
phantoms in Section 3.4, for testing of spiral resonator proposed in Chapter 4.
In this chapter, we are proposing liquid, semi-solid, and semi-solid TPh mate-
rials. The recipes and the steps for characterization of such phantoms are shown
along with the dielectric property measurements. Note that measurements for
liquid phantoms were performed with the MCL probe and measurements for semi-
solid TPh materials were performed with Agilent's high temperature dielectric
probe.
3.2 Dielectric Probes
In this section, utilized dielectric spectroscopy instrumentations are described.
Two types of probes have been used. The rst probe is a slim open-ended coaxial
probe, referred as MCL probe, used for measuring the dielectric properties of the
liquid phantoms [52]. The second probe is Agilent's open-ended high temperature
dielectric probe, utilized for measuring the dielectric properties of all semi-solid
phantoms.
The MCL probe is a custom-made probe. It can only collect relative permit-
tivity and eective conductivity data from 200 MHz to 5 GHz. Before collecting
the dielectric properties of the liquid phantoms, the frequency range, the tem-
perature, and the number of points is set. Next, the probe is calibrated with a
three-step procedure. The procedure is as follows:
1. The probe tip was left open for air measurement;
2. The probe tip was then terminated with a foil-wrapped elastic block for
short measurement;
3. The probe tip was then loaded by immersing it in de-ionized water for
known load measurement.
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After calibration, the measurements are taken with the liquid phantoms by
immersing the probe into the solutions. One important experimental issue during
the calibration and measurements is avoiding the air bubble that is likely to form
at the tip of the probe when immersed into the liquid. In such cases, the air
bubble was burst with a clean exible wire during the measurements.
Figure 3.2: Dimensions of high temperature dielectric probe [53].
Agilent's open ended high temperature dielectric probe and the shorting block,
shown in Chapter 1 Fig. 1.5 (c), was described in Section 1.4.1 [53]. The dielectric
probe has a ange with a 19:0 mm diameter and the aperture size is 3:5 mm in
diameter. The Immersible length of the probe is 35 mm; other dimensions of
the probe are shown in Fig 3.2. Before calibration, the probe is xed to a hook,
provided by Agilent which is included in the dielectric probe kit, by using the
grip nut. The calibration procedure described for the MCL probe is followed
for calibration of the high temperature open ended dielectric probe. However,
for the second step instead of using foil provided Agilent shorting is used. To
verify the calibration, a measurement with de-ionized water is collected after
each calibration. Note that other calibration liquids can be used; in particular,
ethanol is recommended as a calibration liquid.
Fig. 3.3 shows the measurement set-up of for dielectric spectroscopy with
Agilent's high temperature probe. To ensure a good contact between the probe
and the sample, the probe was partially immersed into the sample. The gel-like
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nature of the samples allowed the immersion. Measurements were taken at room
temperature (23C). Note that the temperature of the environment was measured
with thermometer. All dielectric property measurements were carried out with
samples having a minimum thickness of 20 mm. Note that for Agilent's high
temperature dielectric probe the minimum thickness sample should be greater
than 20pj"cj mm [53]. This criteria was veried for all measurements performed in
this thesis.
Figure 3.3: Measurement set-up for dielectric spectroscopy with Agilent's open
ended high temperature probe.
During dielectric spectroscopy of the semi-solid phantoms dierent reference
points both on the top and bottom surfaces of the phantoms were taken. First,
the measurements from the top were collected from at least 5 dierent reference
points. Two measurements were taken at each point: after collecting the rst
measurement at a given point, the probe was left in contact with the phantom
for 3 to 5 minutes to ensure the proper contact between the probe aperture and
the sample. Then another measurement was taken from the same point. The
same measurement routine was repeated for the bottom surface of the phantoms.
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3.3 Liquid Phantoms
Liquid phantoms are characterized to test the sensitivity of the spiral resonators
presented in Chapter 4. Liquid phantoms are preferred, due to the ease of fabri-
cation, low cost, and high precision measurements during dielectric spectroscopy.
Note that the dielectric spectroscopy performed with open ended coaxial probes
is more accurate when the sample is a transparent and homogeneous liquid. Be-
cause, the physical contact of the probe with the transparent homogeneous liquid
sample can easily be ensured by eye inspection. However, using liquid phantoms
has disadvantages. Preservative-free liquid phantoms degrade in 72 hours due
to fungi formation in room temperature. In addition, the liquid phantoms can
not be combined with another phantom to represent the anthropomorphic tissue
environment.
Figure 3.4: S21 measurement with a homogeneous sugar-water liquid phantom.
In this section, we proposed sugar-water phantoms. By changing the sugar
amount in the phantom, the dielectric properties were altered. Phantoms are
prepared by adding table sugar (sucrose) into distilled water. Five phantoms con-
taining 10%, 20%, 30%, 40%, and 50% sugar by weight are composed. No other
ingredients, such as solidifying agents or preservatives, were added to the phan-
toms. The dielectric properties of ve phantoms were measured with the MCL
probe [52]. The relative permittivity and eective conductivity of the phantoms
are given in Fig. 3.5 (a) and Fig. 3.5 (b), respectively.
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Figure 3.5: Dielectric property measurements of sugar-water liquid phantoms
with MCL probe: (a) relative permittivity of the phantoms; (b) eective conduc-
tivity of the phantoms.
From the measurement results, it can be seen that dielectric properties of
the phantoms vary signicantly with respect to the amount of sugar added to the
distilled water. As the amount of sugar added increased, the relative permittivity
of the solution decreased. The results are expected, since they are similar to the
previous examples in the literature [17, 47]. The eective conductivity of the
solutions is increased as the sugar levels are increased, shown in Fig. 3.5 b. This
is due to the change in electrolyte balance in solutions.
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3.4 Semi-Solid Phantoms
Although liquid phantoms are suitable for preliminary tests of RF and microwave
devices designed to operate in the vicinity of humans, the liquid phantoms intro-
duce physical constraints, such as inconsistent geometry. In order to overcome
such problems, we also characterized semi-solid phantoms, where geometry and
thickness of the phantom can be kept constant.
Figure 3.6: Dielectric property measurement of the semi-solid phantom with
Agilent's high temperature open-ended dielectric probe.
Gel-like phantoms were produced by preparing 100 grams liquid sugar-water
solutions with 5; 10; 15; 20; 25; and 30 percent sugar by weight, then mixing each
solution 179 grams of our. Note that the amount of our is chosen via trial to
nd the required amount of our needed to solidify sugar-water solutions. The
dielectric properties of the phantoms were measured with Agilent's high temper-
ature open-ended dielectric probe kit. The relative permittivity and the eective
conductivity measurements are given in Fig. 3.7 (a) and Fig. 3.7 (b), respectively.
Although the sugar amount int he phantoms are increasing proportionally, the
eective conductivity of the phantoms are not linearly changing with the change
in sugar amount. Such trend could resulting from the measurement errors. The
measurement errors are highly likely to occur for such phantoms due to the rapid
change on the surface of the phantom when exposed to air. Note that the sensing
volume of coaxial probes could be as small as 2 mm. Thus the changes in the
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surface condition can have a direct eect on the measurement results.
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Figure 3.7: Dielectric property measurement of semi-solid phantoms with Agi-
lent's high temperature open-ended coaxial probe: (a) relative permittivity of the
phantoms; (b) eective conductivity of the phantoms.
Measurement results show that the relative permittiviy of the phantoms de-
creased as the sugar level increased. Also, the amount of our in the phantom
further decreases the dielectric properties of the mixture signicantly. It is also
worth noting that the our can be used to make low-water content tissues, such
as fat tissue. However, the prepared phantoms degrade very quickly: after ex-
posing the phantoms to air for 60 minutes, the surface of the phantoms dries
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up and forms a skin. The skin changes the dielectric properties of the dough,
especially when measured with the dielectric probe, since the probe has a very
small sensing volume. Note that during the measurements, the phantoms were
kept inside plastic bags to prevent degradation.
The semi-solid phantoms were made to test the spiral resonator presented in
Chapter 5. The need for semi-solid phantoms emerged because the experiments
with liquid phantoms lacked repeatability, due to the inconsistent geometry. Note
that the liquid can not be poured on top of the resonator due to the shorting
problem. To do so, the spiral sensor must be covered with a superstrate or
with a bio-compatible material. Traditionally in the literature, the implantable
antennas are modied by covering it with a bio-compatible material to prevent
the resonator to be in direct contact with biological tissue or, in this particular
case, the liquid phantom [54]. The bio-compatible material is usually a silicone,
whereas the superstrate is, in general, the same material as the substrate used
during the design of the implantable antenna. Direct contact with a ionized liquid
can cause shorting of the structure. To prevent the shorting of the structure, we
developed semi-solid materials to control the shape and thickness of the phantom
without changing the resonator design.
3.5 Tissue Mimicking Phantoms
TPh materials have been previously introduced in many dierent forms in the
literature. The primary purpose of constructing phantoms is to perform pre-
clinical tests for devices intended to be used in the vicinity of human body. TPh
materials developed for RF telemetry or imaging purposes are mainly concerned
with the dielectric properties of the biological tissues. An extensive study had
been carried out by Gabriel et al. [1, 2, 3], on the measurement and parametric
models for dielectric properties of biological tissues, which has been the primary
reference source for tissue mimicking phantoms since 1996.
In order to dene an ultimate test domain, that is closely emulating both
the dielectric properties and shape of human tissue, it is important to charac-
terize anthropomorphic phantoms. However, obtaining layered TPh materials is
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a challenging task, since it requires prevention of diusion between juxtaposed
TPh materials. Recently, Lazebnik et al. [19] proposed oil-in-gelatine dispersion
materials for microwave frequencies based on previously reported TPh materials
for ultrasound imaging [38]. Such materials are suitable for composing anthropo-
morphic materials [37].
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Figure 3.8: Dielectric property measurement of pure materials: (a) relative per-
mittivity of the pure distilled water, vegetable oil, and Ultra Ivory; (b) eective
conductivity of the pure distilled water, oil, and Ultra Ivory.
Additionally, oil-in-gelatine dispersion TPh materials are known to mimic the
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dielectric properties of biological tissues for ultra-wide frequency band. The ad-
vantage of wide-band TPh materials is they can be used for both narrow and wide
band applications. In this section, oil-in-gelatine materials have been developed
with o-the-shelf ingredients to mimic high and low water content tissues for a
wide frequency band.
Although [19] presents methods for constructing anthropomorphic heteroge-
neous phantoms, the presented procedure is complicated and the recipes includes
chemicals and preservatives to lengthen the shelf-life of the phantoms. Also, the
chemicals are only available from specic providers. Such phantoms can be de-
veloped with a simple procedure whilst avoiding these chemicals. Thus, we are
proposing broad band tissue mimicking materials composed of o-the-self ingre-
dients which can be characterised easily. In this section, the procedure used to
develop semi-solid oil-in-gelatine dispersion phantoms using o-the-shelf ingredi-
ents is given.
Oil-in-gelatine dispersion materials are characterized using distilled water,
NaCl (table salt), vegetable oil, dishwashing detergent (Ultra Ivory), and gela-
tine. Note that dierent oil types may have dierent dielectric properties, such
potential dierence is not investigated in this thesis. However, it is highly rec-
ommended to measure the dielectric properties if another type of oil is desired to
be used for oil-in-gelatine dispersion phantom. The dielectric properties of pure
distilled water, oil, and Ultra Ivory are given in Fig. 3.8. Throughout this thesis
oil refers to vegetable oil. Distilled water and the dishwashing detergent have
high relative permittivity and oil has very low relative permittivity. Depending
on the water content of the tissue, the ingredients of the mimicking material are
changed. It is well known that NaCl increases the eective conductivity of the
TPh material dramatically due to the increase in electrolyte balance. During
characterization of high and intermediate water content oil-in-gelatine dispersion
materials, the amounts of distilled water, gelatine, and ultraivory are kept con-
stant. the relative permittivity and the eective conductivity are adjusted by
varying the amounts of oil and sodium chloride (NaCl).
Note that two dierent dishwashing detergents are used in this work, to enable
the homogeneous distribution of the oil in the phantom material. Detergent1 is
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available in North America: a dishwashing liquid sold under the name of \Ul-
tra Ivory". Detergent2 is available in the United Kingdom: a dishwashing liquid
named \Fairy Platinum Lemon". In Fig. 3.9, it is shown that the relative per-
mittivity of the detergent1 is approximately 10 higher than that of detergent2
over the frequency range of 0:3 GHz to 20 GHz, and the eective conductivity
of detergent1 is also higher than detergent2. The dielectric properties of the fat
mimicking material are very low; thus, detergent2 is preferred for the fat mim-
icking material. Any dishwashing liquid can be used in place of detergent1 and
detergent2 as the detergent merely acts as a surfactant. However, measuring the
dielectric properties is recommended before doing so, to obtain precise dielectric
properties in the phantom.
0 5 10 15 20
10
20
30
40
50
60
70
80
ε r
0
5
10
15
20
25
30
35
Frequency (GHz)
σ
e 
(S
/m
)
Relative Permittivity of Detegent2
Relative Permittivity of Detegent1
Effective Conductivity of Detergent2
Effective Conductivity of Detergent1
Figure 3.9: Measured dielectric properties of detergent1 and detergent2.
Skin, fat, blood, and muscle mimicking materials are composed by using oil-
in-gelatine dispersion materials. Using a thermometer during the fabrication
process is essential, since it is critical to measure the temperature precisely. In
particular, when the phantom left to solidify at a high temperature, it will result
in heterogenous distribution of the oil in the phantom. This elevates the electrical
properties at the bottom and decreases the electrical properties at the surface of
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the phantom. It is also important to measure the temperature of the ingredients
when composing the TPh material. Note the process given below is repeated
to characterize the skin, fat, blood, and muscle. The amount of ingredients in
the phantom are varied, depending on the type of the tissue that is aimed to be
mimicked. The process is completed in 2 hours on average. To obtain a semi-solid
form, the phantom left overnight to congeal. Dielectric property measurements
of TPh materials are collected approximately 24 hours of after fabrication. The
physical phantoms are composed with the procedure below;
1. mix the gelatine and 100 g de-ionized water in a beaker;
2. cover the beaker with cling lm and heat the mixture up to 80 C in a hot
water jacket or in a double boiler;
3. leave the mixture to cool until 35 C;
4. add remaining room temperature de-ionized water and NaCl whilist stirring
the mixture slowly;
5. add the room temperature dish washing detergent to the mixture and keep
stirring slowly;
6. when the mixture reaches 28C, add room temperature oil and keep stirring
slowly until the mixture become homogeneous. At this point, the color of
the mixture changes to white. Adding food colouring at this step allows
the phantoms to be distinguished;
7. pour the homogeneous mixture into containers and leave it to solidify over
night.
Using cling lm is important to minimise water vaporization during the heat-
ing processes. Another recipe is also given for the blood mimicking material
that does not include oil and mimics the narrow-band dielectric properties. This
blood mimicking material is made using water, gelatine, sugar, and sodium chlo-
ride (NaCl) solution. Sugar is used to adjust the relative permittivity of the TPh
material. The relative permittivity can be decreased by increasing the amount
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of sugar, as seen in Fig. 3.5 (a). Initially, this recipe was created to obtain an
easier procedure to mimic the dielectric properties of blood. However, it was still
necessary to emulate the wide-band characteristics; thus, oil-in-gelatine blood
mimicking phantoms were used instead in the experiments. However, the pro-
posed sugar phantom can still be utilized for other experiments, such as testing
of implatable or on-body antennas between 0:3 to 3 GHz.
Avoiding air bubbles while making the tissue mimicking phantoms is very
important. Thus, the mixture should be handled with care; to minimize micro
bubbles, the mixture can be ltered at the last step. If air bubbles form in the
mixture, they will y to the top of the phantom and form a non-smooth surface.
Although it is impossible to avoid air bubbles completely, they can be minimized
by stirring the mixture slowly.
After the phantom mixtures had solidied, dielectric property measurements
were carried out with Agilent's open-ended high temperature dielectric probe,
described in Section 3.2. To ensure a good contact, the probe was partially
immersed into the phantom; however, while doing so, extreme care was taken to
not to deform the skin of the phantom and not to put too much pressure on the
phantom. The procedure is dened in Section 3.2. Twenty measurements in total
were taken from each phantom. The dielectric property measurements shown in
the following sections are the averaged measured dielectric properties.
3.5.1 Skindry Mimicking Phantom Material
Skin in general can be characterized as an intermediate water content tissue.
In terms of dielectric properties, skin can also be divided into two categories
based on the water content [55]. The upper layer, which has a slightly lower
water content and an average thickness of 0:015 mm around the wrist, is termed
skindry. The inner layer, termed skinwet, has a slightly higher water content and
an average thickness around the wrist of 1 mm. Note that both the thickness and
the dielectric properties can be dierent, depending on the age, gender, body mass
index (BMI), and ethnicity. However, such eects have not been studied well in
the literature. Thus, when referring to dielectric properties of biological tissues,
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the eects of the parameters given above have not commonly been taken into
account. This study is performed following the common assumption, the eect of
other factors are ignored. Fig. 3.10 shows the dielectric property comparison of
skindry and skinwet tissues between 0:1 to 20 GHz. From the plots, it can be seen
that the amount of water in skindry aects the dielectric properties of the tissue;
that is, the lower percentage of water in tissue decreases the dielectric properties.
The eect of the tissue water content for skindry and skinwet is less signicant at
lower frequencies.
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Figure 3.10: Comparison of dielectric properties of skindry and skinwet tissues
[1, 2].
In this section, a recipe is given for the skindry TPh material. It is composed
using the oil-in-gelatine dispersion technique, described in Section 3.5. The in-
gredients and the amounts used to characterize skindry are given in Table 3.1.
Although the frequencies above 3 GHz are ignored during the dielectric property
measurements, we expect this recipe to mimic the dielectric properties of the
skindry tissue up to 20 GHz.
Error"r =
j"rhuman   "rmaterialj
"rhuman
 100% (3.1)
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Error =
jhuman   materialj
human
 100% (3.2)
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Figure 3.11: Dielectric property measurements and comparison with gabriel et
al [55]: (a) relative permittivity of the skindry phantom and skindry tissue; (b)
eective conductivity of the skindry phantom and skindry tissue.
The dielectric properties of the composed materials were measured with Agi-
lent's high temperature open-ended coaxial probe [53]. The relative permittivity
and eective conductivity for skindry are given in Fig. 3.11 (a) and Fig. 3.11 (b),
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respectively. The dielectric properties are compared with the literature data.
From equation (3.1) the maximum dierence between the measured relative per-
mittivity of the skindry phantom and the literature data over the 0:3 to 3 GHz
frequency range is less than 9.4%. Similarly, for eective conductivity, from equa-
tion (3.2), the maximum dierence is less than 0.2%.
Table 3.1: Ingredients of Skindry Tissue Mimicking Phantom
Ingredient Amount(g) Amount(%)
Distilled Water 230 58:9
Gelatine 34:1 8:7
NaCl 1:3 0:3
Oil 85 21:8
Detergent1 40 10:3
A good agreement obtained between the literature data [55] and the dielectric
properties of the characterised phantom. Although the dielectric properties of
the phantom is given up to 3 GHz, the dispersive trend of the phantom dielectric
properties is expected to agree with the human data up to 20 GHz. Due to the
observed characteristics of the oil-in-gelatine dispersion phantom materials. The
eective conductivity of the skindry phantom material shows excellent agrement
in the frequency range of 0:3 to 3 GHz with the human data. The relative
permittivity diers by 5 at 300 Mhz and it is expected that the dierence will be
more signicant after 3 GHz. This level of error is expected for high water content
tissues as it is dicult to match the dispersion trend at microwave frequency for
high water content tissues.
3.5.2 Skinwet Mimicking Phantom Material
The ingredients and proportions for the skinwet oil-in-gelatine dispersion TPh
material was given in Table 3.2. The food colouring ingredient is optional as it is
merely to illustrate the phantom of dierent tissues and it does not aect their
dielectric properties. This recipe was prepared with the procedure described in
Section 3.5. Fig. 3.12 (a) and Fig. 3.12 (b) show the comparison of the mea-
surements of relative permittivity and eective conductivity, respectively, with
literature data. The measured dielectric property error, relative to the literature
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data [55], is calculated using the root mean square error (RMSE) method, given
in equation 3.3.
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Figure 3.12: Dielectric property measurement and comparison with gabriel et
al [55]: (a) relative permittivity of the skinwet phantom and skinwet tissue; (b)
eective conductivity of the skinwet phantom and skinwet tissue.
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RMSE =
vuut 1
N
NX
i=1
(xi   x^i)2 (3.3)
where xi is the literature data, x^i is the measured data, and N is the number
of frequency points. In this work, the number of frequency points, both for the
literature data and the measurements, is 2500 for all TPh materials except skindry
and narrowband blood TPh. Note that both measured relative permittivity and
eective conductivity errors are represented in terms of RMSE. The RMSE values
for skinwet are 2:62 and 2:44 (S/m) for relative permittivity and eective conduc-
tivity, respectively. Further comparison with the existing phantom materials is
given in Section 3.6.
Table 3.2: Ingredients of Skinwet Tissue Mimicking Phantom
Ingredient Amount(g) Amount(%)
Distilled Water 230 60:45
Gelatine 34:1 8:96
NaCl 1:4 0:37
Oil 75 19:71
Detergent1 40 10:51
Food colouring 1:3
The proposed skinwet mimicking material is emulating the dielectric properties
of the human skinwet tissue very closely as the maximum dierence between the
tissue phantom material and the human data is 4:10 and 3:86 S/m for relative
permittivity and eective conductivity, respectively. The phantom is following
the dispersive trend of the tissue in the 0:3 to 20 GHz range. The phantom is
also well suited for narrowband applications located in the 0:3 to 20 GHz range.
The eective conductivity of the phantom is higher than the human data at high
frequencies. If a better eective conductivity approximation is desired at higher
frequencies, the amount of NaCl can be decreased.
3.5.3 Muscle Mimicking Phantom Material
Muscle tissue has slightly higher dielectric properties when compared to skin
tissue. The recipe of the muscle TPh material is given in Table 3.3. The food
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colouring is optional, as it has been added to the phantom to distinguish it while
characterising anthropomorphic phantoms.
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Figure 3.13: Dielectric property measurements and comparison with gabriel et
al [55]: (a) relative permittivity of the muscle phantom and muscle tissue; (b)
eective conductivity of the muscle phantom and muscle tissue.
Note that, for EM problems, such as investigation of on-body propagation or
SAR measurements, the body is usually approximated with muscle tissue. Thus,
in the literature, muscle tissue has been mimicked with dierent forms of TPh
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materials, including liquid phantoms. The measured dielectric properties, along
with a reference data comparison between 0:3 and 20 GHz, is given in Fig. 3.13 (a)
and Fig. 3.13 (b) for relative permittivity and eective conductivity, respectively.
The RMSE of the muscle mimicking material, with respect to the literature data,
is 4:60 for relative permittivity and 2:49 (S/m) for eective conductivity, for the
whole frequency range.
The muscle phantom material is mimicking the dielectric properties of the
human data very well up to 10 GHz. Although the dispersive trend of the phan-
tom is matching with the human tissue, the relative permittivity of the muscle
phantom material is lower than the reported data with a maximum deviation of
7 from the human data. The phantom is still suitable for both ultra-wide band
and narrowband applications. However, above 10 GHz if better match in relative
permittivity is desired the amount of oil can be decreased. This will increase
percentage of the water in the phantom material.
Table 3.3: Ingredients of Muscle Tissue Mimicking Phantom
Ingredient Amount(g) Amount(%)
Distilled Water 230 67:59
Gelatine 34:1 10:02
NaCl 1:2 0:35
Oil 35 10:29
Detergent1 40 11:75
Food colouring 1:3
According to the electromagnetic mixing theory, the dielectric properties of
a material can be formulated from the dielectric properties of it's constituents [56].
For example, eective permittivity of a biological tissue can be formulated through
the dielectric properties of the cells, membranes, proteins, and tissue water. Al-
though the mixing formulas may or may not suggest a linear relationship between
the eective permittivity and the dielectric properties of the constituents, it is ev-
ident that the relative permittivity of the muscle mimicking material will increase
with the increase in water content.
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3.5.4 Fat Mimicking Phantom Material
Fat is categorized as a low water content tissue. The dielectric properties of fat
tissue are very low. The composition of fat mimicking material is tricky, since
it requires at least 80% oil to be present in the oil-in-gelatine dispersion TPh
material. Therefore, in order to obtain a homogeneous phantom, the oil should
be added just before the phantom starts to solidify (that is, very close to room
temperature).
Figure 3.14: A sample of the solidied fat mimicking phantom material in a
container.
Also, to keep the consistency of the material, the oil should be added to the
rest of the ingredients slowly and whilst stirring continuously. The ingredients
for the fat mimicking phantom are given in Table 3.4.
Table 3.4: Ingredients of Fat Tissue Mimicking Phantom
Ingredient Amount(g) Amount(%)
Distilled Water 57:4 14
Gelatine 15 3:6
Oil 329:6 80
Detergent2 10 2:4
A fat mimicking phantom is shown in Fig 3.14. The measured dielectric
properties are given in Fig. 3.15 (a) and Fig. 3.15 (b) for relative permittivity
and eective conductivity, along with a reference data comparison. The RMSE
is calculated for the fat mimicking material as well; the RMSE values for relative
permittivity and eective conductivity are 0:46 and 0:54 (S/m), respectively, for
the whole frequency range.
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Molecular relaxation theory suggests that if a polarizable material is subjected
to a time varying electric eld, the dipoles in the material will be oriented in the
direction of the electric eld [57]. The dipoles will then relax back to random
orientation with
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Figure 3.15: Dielectric property measurements and comparison with gabriel et
al [55]: (a) relative permittivity of the fat phantom and fat tissue; (b) eective
conductivity of the fat phantom and fat tissue.
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time constant  , which is related to relaxation frequency with fc = (2)
 1 . One
major phenomena that governs the dielectric properties at GHz range is the 
dispersion. The  dispersion is attributed to the dipolar orientation of free water
molecules. Thus, the dielectric properties of the high water content tissues tend
to be more frequency dispersive than low water content tissues. It can also be
seen from Fig 3.15 (a) that the relative permittivity of the fat tissue is ranging
from 6:5 to 3:5 between 0:3 to 20 GHz. The muscle tissue relative permittivity,
shown in Fig. 3.13 (a), is ranging from 60 to 35 between 0:3 to 20 GHz. For
Fat the dispersion is weaker thus the dispersion can be easily mimicked by the
fat TPh material. Thus, the maximum dierence between the TPh material and
fat tissue is 0:8 and 1 S/m for relative permittivity and eective conductivity,
respectively, suggesting an excellent match with the human data.
Note that the fat mimicking material degrades more rapidly than the other oil-
in-gelatine dispersion phantoms, as the oil in the phantom material can separate
easily if it is not kept in a cool place with air tight containers. Additionally,
the fat mimicking material tends to be more fragile, compared to TPh materials
containing less oil percentage. Thus, it should be handled with care, particularly,
when composed as a thin layer form.
3.5.5 Narrowband Blood Mimicking Phantom Material
Blood has the highest relative permittivity when compared with muscle, skin,
and fat tissues. Initially, the blood mimicking material was composed without
oil, targeting narrowband applications. This thesis aims to characterize blood
mimicking materials with dierent glucose indices, requiring fabrication of blood
mimicking material multiple times. By including oil in the mixture, we obtain
wideband phantoms; however, oil complicates the production procedure. There-
fore, for convenience, the blood mimicking material fabrication was rst carried
out by using water-gelatine materials. The steps followed during fabrication of
blood mimicking material are:
 Gelatine was mixed with 50 g water and heated to 70C in a cling lm
covered beaker in a hot water jacket or in a double boiler;
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 Sugar and NaCl were mixed with the rest of the water heated to 50C in a
cling lm covered beaker, in a hot water jacket or in a double boiler;
 The two solutions were mixed at 28C degrees.
Figure 3.16: A sample ofthe narrowband (0.3 - 1.5 GHz) blood mimicking phan-
tom.
Table 3.5: Ingredients of Blood Tissue Mimicking Phantom
Ingredient Amount(g) Amount(%)
Distilled Water 230 69
Gelatine 34:1 10:2
NaCl 4:3 1:3
Sugar 65 19:5
Food colouring 1:3
However, as the experiments progressed further, explained in Chapter 5, the
investigation focused on oil-in-gelatin dispersion wideband blood Tph materials
and the narrowband phantoms were not used in the experiments. The recipe
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and dielectric property measurements are given in Section 3.5.6. A sample of
the narrowband blood mimicking phantom material is shown in Fig 3.16. The
phantom is transparent due to the lack of the oil ingredient in the recipe. The
oil both gives dispersion and opaque white color to the phantom.
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Figure 3.17: Dielectric property measurements and comparison with gabriel et
al [55]: (a) relative permittivity of the narrowband blood phantom and blood ; (b)
eective conductivity of the narrowband blood phantom and blood.
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The ingredients for the narrowband blood mimicking phantom are given in
Table 3.6. Measured dielectric properties are shown in Fig. 3.17 (a) and Fig. 3.17
(b) for the relative permittivity and eective conductivity, along with a reference
data comparison. The mimicking error of the blood phantom material is less
than 7.7% for relative permittivity and less than 28% for eective conductivity,
from 300 MHz to 3 GHz. Note that the error percentages are calculated with
equations given in 3.1 and 3.2 for relative permittivity and eective conductivity,
respectively. Although, oil was not used to compose the blood mimicking mate-
rial, the dielectric properties are mimicked with a reasonable error on the 0:3 to 3
GHz frequency band. The presented recipe can be used to test RF or microwave
devices operating between 0:3 and 1:5 GHz, with very high accuracy.
3.5.6 Ultra-Wide Band Blood Mimicking Phantom Ma-
terial
An ultra-wide band blood mimicking phantom material was designed using the
oil-in-gelatine dispersion technique. This material contains the least amount of
oil when compared to other TPh materials. The ingredients for the ultra-wide
band blood TPh material are given in Table 3.6.
Table 3.6: Ingredients of Blood Tissue Mimicking Phantom
Ingredient Amount(g) Amount(%)
Distilled Water 230 71:81
Gelatine 34:1 10:65
NaCl 1:2 0:38
Oil 15 4:68
Detergent1 40 12:48
Comparison plots between the measured and literature data for relative per-
mittivity and eective conductivity are shown in Fig. 3.18 (a) and Fig. 3.18 (b),
respectively. The RMSE values are 5:04 and 1:06 (S/m) are for relative per-
mittivity and eective conductivity, respectively, for the whole frequency range.
The eective conductivity of the blood mimicking material agrees well with the
literature data. Although there is a discrepancy at the high frequency of the
relative permittivity, the blood Tph adequately mimics the dielectric properties
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of the blood. The discrepancy of relative permittivity is due to the fact that the
blood is a highly dispersive tissue. Although the dispersion is mimicked well, if a
better match with the real tissue values is required, the oil content of the material
should be decreased for higher frequencies. Validity of the phantom material will
be further discussed in Section 3.6.
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Figure 3.18: Dielectric property measurements and comparison with gabriel et
al [55]: (a) relative permittivity of the blood phantom and blood; (b) eective
conductivity of the blood phantom and blood.
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3.6 Conclusions
In this chapter, recipes for liquid and semi-solid phantoms are given, together
with validation measurements performed with open ended coaxial probes. Such
phantoms were developed to carry out feasibility studies with the wireless glucose
sensor proposed in Chapter 4. Additionally, tissue phantom materials, emulating
the dielectric properties of the biological tissues for an ultra-wide frequency band,
were proposed. The tissue phantom materials can be prepared by using o-
the-shelf materials. Recipes and dielectric property measurements of the tissue
phantom materials are given. Collected dielectric property measurements for
tissue phantom materials were also compared with the tissue dielectric properties
from the literature for validation purposes [55].
We also compared the maximum error of the proposed tissue phantom ma-
terials with the previously reported ultra-wide band tissue mimicking materials.
In [19], dielectric properties of reported fat, muscle, and skinwet materials are
plotted against the tissue properties from [2]. According to reported results we
carried out a comparison between the fat, muscle, and wet skin mimicking ma-
terials proposed in this thesis to those proposed in [19] and in [37]. [19] classies
the tissues depending on the oil percentage. According to [19], the fat tissue
corresponds to their 80% oil tissue phantom over the 0:5-20 GHz band. From the
reported graphs in [19], the dierence with respect to reported literature data [2]
for relative permittivity and eective conductivity is around 2 and 1 S/m, respec-
tively. In this study, the dierence between our fat mimicking material, which
also includes 80% oil, and reported data on fat tissue is less than 0:9 and 1 S/m
for relative permittivity and eective conductivity, respectively, for the whole 0:3
to 20 GHz frequency range.
The wet skin mimicking material in this work is composed with 19% oil; the
maximum relative permittivity and eective conductivity dierences between the
literature and measured data are 1:1 and 3:86 S/m, respectively. In [19], the
maximum dierence between the 20% oil content tissue phantom material and
literature data on wet skin is 4 5 and 3 S/m, for relative permittivity and eective
conductivity, respectively. In [37], a comparison between 30% oil tissue phantom
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material and skinwet tissue is proposed from 200 MHz to 6 GHz; the maximum
dierence is 4 and 0:7 S/m, for relative permittivity and eective conductivity,
respectively.
For the muscle in [19], the maximum dierence between the 10% oil tissue
phantom material and literature data for relative permittivity and eective con-
ductivity is 8 and 5 S/m, respectively. For the muscle tissue phantom material in
this work, the maximum dierences are 7:7 and 3:9 S/m, for relative permittivity
and eective conductivity respectively.
From this comparison with the previously published data on oil-in-gelatine
dispersion tissue phantom materials, we can state that the phantoms presented
in this work mimic the dielectric properties of the muscle, skinwet, and fat
tissues with an acceptable, and sometimes improved, error range. Furthermore,
the proposed recipes have an advantage over the previously published recipes as
fewer ingredients are required. The trade-o is the probable reduction in the
lifetime of the phantoms, though the extent of this has not being investigated at
this point.
In addition, this work also presents a comparison between the measured di-
electric properties of blood and ultra-wide band blood phantom material; the dif-
ference between these is less than 7 and 1:6 S/m for the whole frequency range.
The validity of the other tissue phantom materials, based on the above com-
parisons with measured tissue properties and the previously published recipes,
suggests that the blood tissue phantom material can be used for the whole fre-
quency range. If one desires a better match at higher frequencies for the blood
mimicking phantom, the water percentage of the phantom can be increased. Sim-
ilarly, if a better match is desired for conductivities of the phantoms, the NaCl
in the phantom mixture should be adjusted. Note that the blood tissue phantom
has 4:6% oil content. It is also worth noting that these recipes can be optimised
for high accuracy in narrow frequency bands.
This chapters reports novel, ultra-wide band tissue phantom materials that
can mimic the dielectric properties of the skinwet, skindry, muscle, blood, and fat
tissue. The phantom materials are composed by using o-the-shelf ingredients
and the production time is around 2 hours. Thus, the phantoms can be replicated
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easily.
Although this thesis proposes narrow-band techniques for dielectric property
sensing, the wideband phantoms are characterized based on two important rea-
sons: (1) it is not clear what is the best frequency to use for monitoring of blood
glucose levels, so wide-band phantoms are required to investigate this question;
(2) it may ultimately prove the required accuracy for sensing blood glucose re-
lated changes, is only possible by using multiple frequencies, such as multiple
resonances of a resonator, again requiring wide-band phantoms for investigation.
In addition, the wide-band blood mimicking phantoms are also characterized to
investigate the glucose-dependent dielectric properties of blood, the results are
given in Chapter 5. This chapter presented recipes for wide-band materials; how-
ever, the recipes can be optimized for narrow-band applications.
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Chapter 4
Spiral Resonators for Dielectric
Property Retrieval of Biological
Tissues
The use of radio-frequency techniques for blood glucose level (BGL) mon-
itoring has been investigated in the past (see, for example, [1, 2, 3]). These
studies typically concern about the changes in the S-parameter response of a
resonator, which occurs due to the changes in dielectric properties of the prop-
agation medium, the biological tissue. A change in BGL leads to a variation in
the eective permittivity of the body, which can thus be detected, in principle,
from resonator measurement. Thus far, the proposed RF/microwave techniques
for BGL monitoring in the literature are mostly concerned about establishing
a relation between the response of the RF/microwave device and the change in
glucose levels.
In [4], a spiral resonator was tested with human subjects for non-invasive
monitoring of BGL. However, human body is a complex environment and, in
addition to BGL, other physiological parameters, such as blood pressure and body
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temperature, also aect the eective permittivity of the body. Such physiological
changes can aect the S-parameter response of the resonator; as a result, the
repeatability of the measurements can be degraded. The resonator may detect
shifts in eective permittivity that are caused by changes in biological tissue other
than the desired change in BGL; therefore, there is a need to perform controlled
measurements to address the actual response of the resonator due to the BGL
change.
In this Chapter, a spiral resonator is presented for dielectric property retrieval.
Following the designs as presented in [4], controlled experiments were performed
with both liquid and semi-solid phantoms; the dielectric property measurements
and recipes of the liquid and semi-solid phantoms are given in Chapter 3 Sec-
tion 3.3 and Section 3.4, respectively. The rst prototype was tested with liquid
phantoms, and an analytical formulation used to retrieve their dielectric proper-
ties. However, due to the unforeseen physical restrictions of liquid phantoms, the
S-parameter response of the resonator showed ripples; therefore, too many modes
appeared in the S-parameter response. Thus, the experiments were performed
with a second prototype using semi-solid phantoms. The semi-solid phantoms
were placed directly on top of the resonator, whereas the liquid phantom was
poured rst into a plastic bag, and then placed above the resonator for mea-
surement. Note that the plastic bag introduced a mismatch. All phantoms had
dierent dielectric properties; a decreasing trend for relative permittivity for both
liquid and semi-solid phantoms was obtained by varying the amount of sugar dis-
solved in the phantoms.
An analytical method was proposed to retrieve the dielectric properties from
the S-parameter response of the spiral resonator. However, this retrieval method
required measurement of two phantoms with known dielectric properties, as a
means of calibration. The calibration method was rather inecient and the re-
trieval error depended on the frequency shift during the calibration.
The analytical equation is then modied by utilizing simulation data and
the dielectric property retrieval is performed with the modied equation. This
method is applied to eliminate the need for calibration. The analytical formu-
lation is a system of two equations with four unknowns, including the eective
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length of the resonator (le), lling factor (A), relative permittivity of the phan-
tom ("phantom), and the frequency of operation (fc). The lling factor and the
eective length are both functions of the frequency of operation and phantom
relative permittivity; thus, the analytical equation can be re-written with two
variables, fc and "phantom, in non-linear form. To do so, an initial set of data
was obtained by simulating the resonator with digital phantoms having dier-
ent dielectric properties. Then, by utilizing particle swarm optimization (PSO)
and multiple linear regression (MLR), a single non-linear analytical equation was
obtained. The obtained equation is solved with an iterative method. The new
technique is more ecient, since the simulation data provides a priori infor-
mation based on the ideal case, whereas the pure measurement data used for
calibration, particularly when collected without much care (as may be the case
with end-users), can lead to wrong retrieval values.
This chapter is organised as follows: the retrieval method with calibration
is dened in Section 4.1. Section 4.2 describes the rst prototype of the spiral
resonator and experiments with liquid phantoms, as well as dielectric property
retrieval. The design and testing of the second prototype, along with the measure-
ments performed with liquid and semi-solid phantoms, are given in Section 5.1.2.
An improvement of the retrieval method formulation is given in Section 4.3.3.
Finally, the conclusions are drawn in Section 4.4.
4.1 Dielectric Property Retrieval
Dielectric properties of biological tissues have been studied extensively in the lit-
erature, especially to dierentiate between malignant and healthy tissues [5, 6].
Traditionally, dielectric property measurements of biological tissues are performed
with open-ended coaxial probes for ultra-wide-band applications. Narrow-band
techniques are usually used for dielectric property retrieval of low relative per-
mittivity and low loss materials. The coaxial probe technique, depending on the
fabrication of the probe, can be used to retrieve broadband dielectric properties
for wide range of materials; this probe is usually used to estimate the dielec-
tric properties of unknown materials or liquids with a certain probable error.
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However, the narrow-band techniques are known to be more accurate for the re-
trieval of the dielectric properties. From the reported studies, we know that, at
microwave frequencies, a change in glucose levels does not aect the conductiv-
ity at 0:3-20 GHz range; however, the relative permittivity is expected to vary
slightly [1, 7]. Therefore, there is a need to detect the dielectric property change
with sensors of high sensitivity. Based on our experience we can state that by
using a narrow-band high Q resonators (i.e., a resonance method) the dielectric
properties of unknown materials can be detected with a good precision.
The equipment needed to perform the dielectric property measurements with
an open-ended coaxial probe is bulky and costly. Thus, a more convenient tech-
nique is to use a planar device. In addition to the ease of integration with the
remaining electronics, planar devices are less costly. Also precision coaxial probes
have a low sensing volume; depending on the aperture, the sensing volume can be
as low as 2 mm [8]. Therefore, by utilizing a narrow band resonator or antenna,
the sensing volume can be increased.
Reported studies on dielectric properties of biological tissues are traditionally
performed in vitro [1, 9, 10]. Thus, a greater understanding of the actual dielectric
property change can be obtained by utilizing non-invasive sensing. Also, there is
still a need for further investigation of the disease-related alterations in dielectric
properties of biological tissues.
Our goal is to measure the eective change in relative permittivity non-inva-
sively to sense the change in blood glucose level. As the blood glucose levels of a
diabetes patient alters during their daily routine, the eective relative permittiv-
ity of the tissues therefore varies. By utilizing resonance methods, the eective
relative permittivity can be retrieved to sense the glucose levels. To do so, an
analytical formulation that can retrieve the dielectric property at the resonance
frequency of the RF or microwave device is utilized. Note that the return loss is
a measure of the eectiveness of power delivery from a transmission line to a load
such as an antenna [11]. Resonance for a microstrip antenna is the impedance is
real at a certain frequency, namely voltage and current are in phase. This section
describes the empirical formulation used to retrieve the dielectric properties.
The proposed spiral resonator is essentially a microstrip transmission line;
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it has resonances that are determined by the length of the line and the phase
velocity (p = c=
p
"effeff ) in the eective medium formed by the substrate and
the phantom under test. Both the substrate and the phantom are non-magnetic
(eff = 1), thus the phase velocity is only dependant the eective permittivity
("eff ) of the medium. The resonances can be expressed by [12]:
fn =
nc0
le
p
"e
(4.1)
=) "e =

nc0
lefn
2
(4.2)
where fn is the resonance frequency, n indicates the mode (number of the reso-
nance, assumed equal to one), c0 is the speed of light, le is the eective length
of the microstrip line and "e is the eective permittivity.
The eective permittivity can be related,at least, to a rst order approxi-
mation, to the relative permittivities of the substrate ("r) and phantom ("p) by
[13]:
"e = A"r + (1  A)"p (4.3)
where A is an unknown representing the proportion of the electric eld that is in
the phantom, relative to that in the substrate (essentially a `lling factor'). The
eective length of the spiral resonator is dicult to determine, as it is a function
of the substrate and superstrate relative permittivities the geometry of the line
(i.e., width and substrate height) and the geometry of the coupled lines (i.e.,
their separation). To the best of the author's knowledge, there is no closed-form
expression available to compute this. Hence, as the eective length is also un-
known, measurements from two samples can be used to `calibrate' the parameter
retrieval by allowing le and A to be found using simultaneous equations.
In order to calibrate the spiral resonator, it was assumed initially that these
values were not strong functions of the change in relative permittivity, enabling
them to be used for all concentrations of sugar. The calibration can be done by
using two phantoms with known dielectric properties. In this work, we used two
phantoms having dielectric properties close to the expected (`designed for') val-
ues, as determined by an alternative measurement technique (i.e., not the spiral
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resonator). The operation frequency fn together with the `known' mode n, and
phantom relative permittivity, are recorded for the two calibration phantoms.
Note that the phantom relative permittivity is measured with MCL or Agilent's
open-ended coaxial probe and, depending on the resonator's recorded operation
frequency fn, a single value of relative permittivity for the phantom is collected at
the specied frequency point. The two equations, 4.2 and 4.3, obtained with two
phantom measurements are then solved simultaneously and the eective length
leff , the lling factor A are obtained. This process is can be seen as the measure-
ment calibration. Then, by collecting the spiral resonator measurements with the
desired phantoms, the dielectric property retrieval can be performed. Retrieval
error for the calculated relative permittivities of the proposed liquid and semi-
solid phantoms are calculated with equation 4.4. ("ps) is the phantom relative
permittivity, ("pc) is the measured relative permittivity. It is emphasized that the
reference dielectric properties of all liquid and semi-solid phantoms are measured
with the MCL and Agilent's high temperature probes, respectively, as given in
Chapter 3.
Error% =
"pc   "ps
"pc
 100% (4.4)
4.2 Design of the spiral resonator: First Proto-
type
Based on an open-ended transmission line model given by Jean et al. [14], a two-
port microstrip transmission line was designed and fabricated. The top view of
the rst prototype is given in Fig. 4.1, with dimensions in Table 4.1. This rst
prototype was designed and simulated with the CST Microwave Studio software
and printed on a FR4 substrate with the relative permittivity and tangent loss
of "r = 4:9 and tan() = 0:025, respectively.
A comparison of the S11 response between measurement and simulation in
free space is given, to verify proper functioning of the transmission line. A good
agreement is obtained in between measured and simulated responses, as shown
Chapter 4 Spiral Resonators for Dielectric Property Retrieval of Biological Tissues 116
in
Table 4.1: Dimensions of the Transmission Line: First Prototype
Parameter Length (mm) Parameter Length (mm) Parameter Length (mm)
L1 95 W1 33 a2 6.5
Lf 77 Ws 1 a3 5
Lp 69 a1 3.5 a4 8
Lc 10
Figure 4.1: Spiral open-ended transmission line with full ground plane.
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Figure 4.2: Comparison between measured and simulated S11 response of the rst
prototype .
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Fig. 4.2. Note that all experiments are performed with vector network analyzer
(Hewlett Packard 8720ESVNA). The thickness of the FR4 substrate is 1:6 mm
and the thickness of the microstrip transmission line is 1 mm.
4.2.1 Experiments with Liquid Phantoms
Liquid phantoms proposed in Chapter 3 was poured into labeled plastic zip-lock
bags and measurements are performed by placing phantoms with the plastic bags
above the fabricated resonator. The thickness of all the phantoms were 5 cm.
The response of the transmission line was tracked as the plastic bags containing
dierent percentage of sugar solution were replaced with one another. Note that
the liquid phantoms were not simulated as the dielectric properties of the phan-
toms were not known before the experiment and also the liquid experiments were
preliminary. The S11 responses are given in Fig. 4.3.
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Figure 4.3: Measured S11 responses of the rst prototype with dierent liquid
phantoms.
It has been observed that the sensor response shows a signicant amount of
change when dierent solutions are placed above the sensor. As can be seen from
Fig. 4.3, the resonance frequency shift to the right with increasing concentration.
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Also, the relationship between the dielectric property change and sensor response
is not linear. Thus, a non-linear mathematical expression is needed to describe the
relation between the relative permittivity and the measured sensor response. The
eective conductivity of the liquid phantoms also varies with the change in sugar
percentage. However, in [1] it is reported that the conductivity of blood plasma
does not change signicantly with the variations in dextrose levels. Therefore,
our priority is to investigate the relationship between the relative permittivity of
the propagation medium and the sensor response.
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Figure 4.4: Zoomed version of the measured change in reection response with
dierent liquid phantoms shown in Fig 4.3: (a) S11 measurement at rst mode, (b)
S11 measurement at second mode .
A comparison between the calculated relative permittivity and the measured
relative permittivity is given in Table 4.2. The dielectric property retrieval
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method shown in Section 4.1 was used to calculate the the relative permittivity
from the measured spiral resonator response. The measured relative permittivity
is extracted from the MCL slim probe measurements, given in Chapter 3. Rela-
tive permittivities of the solutions are calculated at the rst and second modes.
The eective length leff and the lling factor A are calculated from the mea-
surements performed with 10% and 20% sugar solution phantoms. Note that,
for each mode, the calibration should be repeated for accurate retrieval of the
relative permittivity. Also, for each mode, the 10% and 20% sugar solutions are
used for calibration.
Table 4.2: Comparison Between Reconstructed and Measured Relative Permit-
tivities of Solutions with First Prototype
Second Mode
Phantom (%) Frequency (GHz) Retrieved "phan Measured "phan Error %
10% 0:735 75:71 75:64 0:0925
20% 0:741 72:401 72:38 0:0290
30% 0:751 66:73 68:15 2:0836
40% 0:836 25:18 62:49 59:7
50% 0:848 20:31 54:4 62:66
Third Mode
Phantom (%) Frequency (GHz) Retrieved "phan Measured "phan Error %
10% 1:408 74:5 74:4 0:1344
20% 1:421 70:75 70:49 0:3688
30% 1:442 65:01 64:99 0:0308
40% 1:497 51:09 58:22 12:24
50% 1:539 41:4 48:69 14:97
In the second mode, reconstructed parameters for 40% and 50% solutions do
not agree with the measured relative permittivities. This is due to the change in
the resonance characteristics occurring when a solution with 30% sugar content
placed on top of the structure. In S11 measurements, two notches are observed
for 30% solution case. That is because the structure starts to resonate around
the second notch's frequency as the solutions with higher sugar content placed
above, shown in Fig. 4.4(a). Note that, for the 30% phantom in the second
mode, the retrieval was performed for the rst notch. In order to x this error,
a new calibration should be performed for the second notch and the eective
length leff and lling factor A should be chosen accordingly. For the third mode,
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the error is decreasing; the resonator shows more stable behavior, as shown in
Fig. 4.4 (b). The error percentage is increases as the resonance shifts to the higher
frequencies. For more precise measurements, the calibration should be repeated
with known dielectrics around the desired frequency range. Additionally, the
error percentage for the MCL probe should be considered; however, we do not
have enough documentation to quantify the error for the MCL probe.
The dielectric property change of the sugar solutions is much higher than
the glucose-dependent dielectric property change in biological tissues. Thus, one
calibration for each mode will be sucient for reconstruction of the relative per-
mittivity of biological tissues with dierent blood glucose indices. The feasibility
studies with sugar-water phantoms are needed to establish the basis of the study.
However, the calibration method is still controversial, as it assumes the eective
length and lling factor to be constant with the frequency. The improvement of
this method is shown in the following sections.
4.3 Design of the spiral resonator: Second Pro-
totype
The resonator presented in Section 4.2 is re-implemented by using CSTMicrowave
Studio software on a Taconic TLC(30) substrate. The conguration of the res-
onator is given in Fig. 4.5(a). Fabricated resonator is shown in Fig. 4.5 (b).
Substrate of the resonator had a thickness of 1:47 mm; the relative permittivity
and the dissipation factor of the substrate are equal to 3 and 0:003, respectively.
Dimensions of the resonator are given in Table 4.3.
Table 4.3: Dimensions of the Spiral Resonator
Parameter V alue (mm) Parameter V alue (mm) Parameter V alue (mm)
a1 8 Lsubs 95 Lc 47
a2 6.5 Ls1 7.51 wsubs 33
a3 5 Ls2 15 ws1 3.98
a4 3.5 Lp 9 ws2 2.207
a5 2 Lf 11 ws3 1
a6 0.5
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(a)
(b)
Figure 4.5: Second prototype of the spiral Resonator: (a) structure; and (b)
manufactured prototype.
The simulated and measured S11 responses of the spiral resonator in air
medium are shown in Fig. 4.6. Due to fabrication errors, the second notch at
1:8 GHz is shifted to right (to a higher frequency) by 140 MHz. Similarly, the
third notch is shifted to right by 103 MHz. Although there is a shift in the
operation frequencies, the fabricated resonator shows similar behaviour to the
simulated resonator, which conrms the proper functioning of the fabricated res-
onator. The resonator was used to retrieve the dielectric properties of the liquid
and semi-solid phantoms. The relative permittivity was retrieved for semi-solid
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phantoms, using both empirical and modied analytical equations. The dielec-
tric properties of the liquid phantoms are retrieved with the empirical formulation
only.
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Figure 4.6: Unloaded Performance of the Spiral Resonator S11 in magnitude.
4.3.1 Testing of the Second Prototype with Liquid Phan-
toms
Experiments with liquid phantoms were performed in an anechoic chamber, to
minimise the environmental eects. The liquid phantoms, given in Chapter 3
were again used to test the resonator. Liquid phantoms were poured into zip-
lock plastic bags. Second prototype of the resonator was xed on a styrofoam.
Response of the resonator was collected by placing phantoms with dierent sugar
concentrations above the resonator. The thickness of all the phantoms was 5 cm.
S11 measurement results are shown in Fig. 4.7. From the S11 responses, the rst
mode occurs around 90 MHz; second, third, and forth modes occur around 700
MHz, 1:3 GHz, and 1:45 GHz respectively.
In this section, we are focusing on the second and third mode of the resonator,
since the rst mode occurs at a very low frequency. The fourth mode is not
considered as the matching is weak. For the empirical retrieval method, the
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measured dielectric properties of the 10% and 20% sugar solutions are used to
calculate the eective length leff and the coecient A, so-called calibration.
0 0.5 1 1.5 2 2.5
−40
−30
−20
−10
0
−40
−30
−20
−10
0
Frequency (GHz)
S 1
1 
(dB
)
 
 
10% Sugar
20% Sugar
30% Sugar
40% Sugar
50% Sugar
Distilled Water
Figure 4.7: S11 measurement results with liquid phantoms containing dierent
amount of sugar.
Table 4.4: Comparison Between Reconstructed and Measured Relative Permit-
tivities of Solutions with 2nd Prototype
Second Mode
Phantom (%) Frequency (GHz) Retrieved "phan Measured "phan Error (%)
10 0:6472 76:46 76:47 0:0131
20 0:6620 72:53 72:55 0:027
30 0:6658 71:58 68:48 4:52
40 0:6866 66:72 63:32 5:37
50 0:7227 58:91 55:73 5:71
Third Mode
Phantom (%) Frequency (GHz) Retrieved "phan Measured "phan Error (%)
10 1:129 75:14 75:15 0:01
20 1:157 71:14 71:15 0:01
30 1:169 69:52 66:47 4:61
40 1:171 69:25 59:90 15:61
50 1:181 67:94 51:35 32:31
The relative permittivities of the phantoms are calculated by using equa-
tion (4.2) and (4.3) and calculated values are compared to those measured by the
MCL probe. Table 4.4 shows the measured and calculated relative permittivity
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at the second and third modes of the resonator. Error of the retrieved relative
permittivity is calculated with equation 4.4. Error percentage for all phantoms
at the second mode is less than 6%.
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Figure 4.8: Zoomed version of the measured change in reection response with
dierent liquid phantoms shown in Fig 4.7:(a) S11 measurement at second reso-
nance, (b) S11 measurement at third resonance .
The error starts to increase for the 30% phantom. In the second mode, calibration
is performed based on the relative permittivity and resonance frequencies of the
10% and 20% sugar solutions. The dierence in relative permittivity between the
two calibration solutions is 3:92 units, and the resonance shift is 148 MHz. The
dierence between 20% and 30% sugar solutions is 4:07 units and the shift is 38
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MHz. So the shift in frequency should be bigger for the calibrated equation to
come up with closer values to the measured relative permittivities. Note that,
by calibrating the resonator with 10% and 20% sugar solutions and taking the
leff and A as constants, we are assuming that the behaviour of the resonator is
linear.
The error for the third mode increases for higher sugar concentrations. This
is due to the matching at the third mode, which degraded when the 40% and
50% solutions were placed above the resonator. Such behaviour is expected, due
to the signicant change in both relative permittivity and eective conductivity
for 40% and 50% solutions. When the resonator response is checked, the depth
of the notch is 11:56 dB and 10:01 dB, for 40% and 50% sugar liquid phantoms,
respectively. This indicates that the resonance disappears if a higher percentage
of sugar concentration is placed above the resonator. Also, it is expected the
higher order modes have lower Q factors.
The repeatability of the liquid phantom measurements was also investigated.
Measurements are repeated 10 times in the anechoic chamber. However, due
to the mismatch introduced by the plastic bag and the unstable geometry of the
liquid phantom, shifts in the resonance frequency were produced. Also, during the
measurements, it was understood that the thickness of the phantom has a crucial
role on the eective permittivity; thus, on the resonance of the sensor. With the
plastic zip-lock bags, keeping a constant phantom thickness is cumbersome. Thus,
the repeatability of the measurements with liquid phantoms is quite a challenge.
One way to overcome such physical restrictions is to place a superstrate on top of
the resonator, or covering the resonator with a bio-compatible material, such as
medical-grade silicone, which is traditionally used for implantable antennas [15,
16]. Then the sensor can be mounted on the bottom of a container and the
liquid phantom can be poured into the container. By keeping the thickness of
the liquid phantom constant, the experiments can be repeated. However, such
alterations would change the eective permittivity of the superstrate; therefore,
electromagnetic behavior of the sensor. Another way to overcome this challenge
is using semi-solid of phantoms. Thus, gel-like phantoms were also examined and
the repeatability of the measurements are quantied in Section 4.3.2.
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4.3.2 Testing of the Second Prototype with Semi-solid
Phantoms
Conceptually, the experimental methodology is simple. First, the semi-solid
physical phantoms, proposed in Chapter 3, are prepared; second, the dielectric
properties of each phantom are measured across a wide frequency band using
a vector network analyzer (Hewlett Packard 8720ES VNA) with an open-ended
coaxial probe, as a reference for the resonator; nally, the resonator is used with
each phantom, and S11 (magnitude and phase) measurements performed with the
VNA. The experiment set-up is shown in Fig. 4.9.
(a) (b)
Figure 4.9: Phantom measurements: (a) resonator mounted at the bottom of a
container, (b) phantom material placed above the resonator.
The phantoms used are termed gel-like; they are semi-solid and require pro-
tection from the atmosphere when not in use. This was achieved by covering
them with plastic bags. As previously reported in earlier sections, it had been
observed that the resonant frequency of the sensor is aected by the thickness
of the sample, the pressure applied to the resonator, and the surface condition
of the phantom [17]. Thus, the thicknesses and weights of the phantoms were
kept constant. Ten measurements in total were performed with the resonator
mounted at the bottom of a container and each phantom placed just above the
resonator. All measurements were performed at 21 C. Measured S11 responses
with dierent phantoms are shown in Fig. 4.10. From the measured results, it
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can be seen that the resonance does not change much; this is due to the close
dielectric properties of the semi-solid phantoms.
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Figure 4.10: Performance of the spiral resonator with the semi-solid phantoms
placed above, the averaged S11 measurements with 5  30% sugar phantoms. .
Although the relative permittivity change in the semi-solid phantoms is still
far from the realistic changes in the blood glucose levels [18], the semi-solid phan-
toms present a better representation when compared to liquid phantoms. Also,
since the eective permittivity does not change signicantly, the resonance is not
at risk of disappearing within the range of sugar concentrations. Which means
that the change of glucose amount in the blood is much lower than the pro-
posed sugar amount change in the phantoms. As the error is increasing with
the high change in the sugar amount, when this technique is applied to blood
glucose change detection such error will not be apparent due to the low glucose
uctuation in blood.
Applied pressure is another factor that might aect the S11 measurements;
therefore, after characterizing the homogeneous phantom, the weight of the sam-
ples are remeasured and the weight kept at 265 grams. The sensor is operating
around 600 MHz when the phantoms are placed on top; the resonance frequency
shifts to the higher frequencies as the relative permittivity of the phantoms de-
creases. Note that 600 MHz appears at the second mode; the rst mode occurs
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at a very low frequency and was therefore ignored.
Fig. 4.11 shows the measured resonant frequency with change in sugar concen-
tration, for averaged S11 and insertion loss. It is evident that the S11 data shows
a more controlled, almost linear, relationship with sugar concentration compared
with the S21 data; however, the change in resonant frequency is conned to a
relatively narrow (40 MHz) band of frequencies for the S11, whereas the band of
variation is almost three times that for the insertion loss (120 MHz).
Figure 4.11: Variation of resonance frequency with the change of sample with
dierent sugar concentration.
Dielectric properties measured with the coaxial probe at resonance frequencies
are given in Table 4.5 and wide band measurements can be found in Chapter 3.
The dielectric properties are retrieved with the empirical formulation described
in Section 4.1.
To investigate the shift in S11 resonant frequency with respect to phantom
further, the change in resonant frequency relative to that of the previous sample
was plotted, shown in Fig. 4.12 (a). Here, the relationship between the increase
in glucose concentration and increase in resonant frequency is shown to be non-
linear.
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Table 4.5: Retrieved and Measured Relative Permittivity Comparison of the Semi-
solid Phantoms [19]
Parameter Value
Sugar % 30 25 20 15
Retrieved "phantom 24:269 26:377 28:182 30:063
Measured "phantom 21:654 23:809 25:637 29:310
Error % 12:07 10:78 9:92 2:56
fc(MHz) 680:273 669:148 660:046 650:943
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Figure 4.12: Analysis of S11-based detection performance: (a) mean frequency
shift between each successive phantom; (b) repeatability of retrieved relative per-
mittivity .
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Finally, Fig. 4.12(b) shows the retrieval error for the phantom's relative per-
mittivity, with respect to the measured reference data. The measured reference
relative permittivities found using the open-ended coaxial probe varied from 34 to
21 as the sugar concentration increased. The resonant frequencies are identied
from the S11 data.
Although the maximum error in retrieved dielectric properties with the tradi-
tional analytical formulation is less than 13%, the gap between the measured and
retrieved relative permittivity, termed the retrieval error, increased with decreas-
ing phantom relative permittivity (increasing sugar concentration), as shown in
Table 4.5. This indicates that the assumption that A and le are not strongly
aected by changes in the phantom relative permittivity is invalid. The dielectric
properties (Table 4.5) were calculated considering only the frequencies consecu-
tively increasing while the phantom relative permittivity was decreasing. In the
calculations with traditional empirical method, the best four consecutive mea-
surements were chosen and averaged, then the dielectric properties retrieved at
the corresponding resonance frequencies. Note that the 5% and 10% sugar con-
centrations were used for calibrating the resonator, so the results are shown for
15% sugar concentration and above in Table 4.5.
4.3.3 Parameter Retrieval with Modied Analytical Method
Particle swarm optimization
Particle swarm optimization is an evolutionary algorithm rst introduced by
Kennedy and Eberhart in 1998; since then, the algorithm has been applied to
solve many dierent problems, including electromagnetic problems, such as opti-
mization of free space and implantable antenna geometries for maximum band-
width, gain, or to tune the antenna for desired frequency of operation [20, 21, 22].
The algorithm nds an optimal solution to a problem from a pre-determined so-
lution space by iteratively adjusting the trajectories of particles according to the
personal best position of each particle and overall, global, best position of the
swarm. The algorithm is powerful and simple and has a wide range of applica-
tions. More information is given, including the PSO terminology, in Appendix
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A. In this work, the algorithm was used to solve a two-dimensional problem.
The previously introduced method required a calibration procedure [19]. Here,
the calibration procedure is eliminated by utilizing simulation results to predict
the values of the unknown parameters. In order to further decrease the retrieval
error, the unknowns A and le should both be expressed as functions of frequency
(fc) and phantom relative permittivity ("phantom). To do so, twelve digital homo-
geneous phantoms with dierent non-dispersive relative permittivities were placed
above the resonator in CST Microwave Studio and the S-parameter responses of
the resonator recorded. The digital homogeneous phantoms were 30 mm thick,
with the relative permittivities ranging from 15 to 40:5. The simulated S11 re-
sponse of the resonator is shown in Fig. 4.13 for the dierent phantoms.
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Figure 4.13: Simulations with phantoms.
From the recorded S11 simulation results, the operating frequencies of the res-
onator with dierent phantoms are determined. The PSO algorithm is applied to
the analytical formulation in order to nd the corresponding A and le for each
simulation. The algorithm is given the resonant frequency and the known phan-
tom relative permittivity for each of the twelve CST simulations. The feasible
solution space for A should be between zero to one, due to the construction of
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equation (4.3), and the solution space for le is chosen to be from 215:80 mm to
243:15 mm; this range is chosen considering the physical length (224:0520 mm)
of the resonator. The tness function for the algorithm is the phantom dielec-
tric property retrieved from equation (4.3). The threshold is chosen as 0:009%.
To calculate the threshold the absolute dierence between the "phantom and given
"phantom is calculated and the absolute dierence is divided by given "phantom, then
the percentage is calculated by multiplying with 100, given in equation 4.4. Note
that the given "phantom is the value of the digital phantom in the simulation.
Figure 4.14: Flow chart of the PSO algorithm.
As long as the threshold is satised, the optimization technique can result
in random values for A and le within the given solution space. In order to
obtain an increasing set of data, the feasible solution space for le is reassigned
for each simulation where as the solution space for A remained between 0 to 1.
In the PSO algorithm utilized, the invisible boundary condition was used; that
is, the particles can y out of the dened solution space and these values are
assigned simply a bad tness value. By limiting the solution space for le for
each simulation, we limit the le values that the algorithm can come up with and,
in this way, an increasing set of data is obtained. Note that there is no single
solution of A and le to the problem, so we must limit the number of solutions by
dening a solution space. The solutions are reached using 50 particles within 10
to 30 iterations. Flow chart of the algorithm is given in Fig. 4.14. The algorithm
allowed independent A and le values to be found. The point estimations of
two unknowns are then used to t a function to the obtained data set, given in
Table 4.6, with the MLR method.
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Multiple Linear Regression
Next, the lling factor and eective length are expressed as a function of reso-
nant frequency and the relative permittivity of the phantom material by using
an MLR model [23]. Dierent models of the relationships between frequency,
phantom relative permittivity and lling factor or eective lengths were exam-
ined. Some were obviously worse than others; here are shown two forms that
were qualitatively similar, as examples. Equations for the rst model of le and
A are given in (4.5) and (4.6), respectively. The regression coecients in (4.5)
and (4.6) were calculated with the method of least squares [23].
le(fn;"p) = a1 + a2
c0
fn
+ a3
1
"p
(4.5)
A(fn;"p) = b1 + b2
c0
fn
+ b3
1
"p
(4.6)
The regression coecients a1, a2, a3 are 0:2954 units,  0:0644 units ,  0:8083
units for (4.5), and b1, b2, b3 are 1:7446 units,  1:5472 (1/m),  14:1472 units for
(4.6), respectively. Note that the coecients are calculated based on the data
from the simulation response.
The second model is given by:
le(fn;"p) = a4 + a5
c0p
fn
+ a6
1p
"p
(4.7)
A(fn;"p) = b4 + b5
c0p
fn
+ b6
1p
"p
(4.8)
In 4.7, a4, a6 is in units and a5 is in
p
s. In 4.8, b4, b6 is in units and b5
is in
p
s=m. Fig. 4.16 (a) shows a graphical representation of the le output for
simulations from the PSO algorithm and the two models tted by MLR. From
Fig 4.16 (a), it can be seen that the two functions are fairly similar; however, the
function given in (4.5) has a numerically better tting to the PSO output than
that of (4.7). Similarly, Fig 4.16 (b) shows the functions tted to the A coe-
cient PSO output; the function given in (4.6) has a better tting. Alternative
representations of (4.5){(4.6) obtained for A and le are shown in Fig. 4.15 (a)
and Fig. 4.15 (b), respectively, where the functions are shown as surface plots.
These demonstrate the solution spaces of (4.5) and (4.6) for the stated regres-
sion coecient values, and the need for additional information (in this case, the
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simulations and PSO results derived from them) to determine the expected sin-
gle-valued relationships.
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Figure 4.15: Fitted functions: (a) le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of f and "p. The blue dots show the data obtained from the PSO algorithm and
the surface is the function with the coecients obtained through the MLR method.
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Figure 4.16: Fitted functions with MLR for le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between function1 (4.5) and function2 (4.7); (b) comparison between function3
(4.6) and function4 (4.8). The blue dots show the data obtained from the PSO
algorithm.
Statistical analysis of both tting functions ((4.5) and (4.6)) was performed to
determine the reliability of the regression coecients. Both A and le are within
the 95% condence interval and the coecient of determination is 0:997 and 0:983
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for A and le, respectively. For both functions, the p value is much smaller than
 = 0:05. Thus, the outputs of the tting function for the obtained data sets are
deemed statistically signicant.
The right side of (4.2) is equated to the right side of (4.3), giving: 
nc0
le(fn;"p)fn
!2
= A(fn;"p)"r +
 
1  A(fn;"p)

"p (4.9)
Finally, the functions (4.5) and (4.6) for A and le are inserted into (4.9), to be
solved numerically.
4.3.4 Results and Discussion
Simulated and measured operating frequencies are inserted into (4.9) for each
phantom and the equation solved with the Newton-Raphson (NR) method. The
initial guess for the NR method was chosen as 20 and the solution space was
constrained between 0 and 100, in order to prevent the method from nding neg-
ative and very high roots. These values were selected as the dielectric properties
of human body tissues are located in this range.
Table 4.6 shows a comparison of the retrieved phantom relative permittivity,
the known relative permittivity given to the digital phantom during the simu-
lation, and retrieval error, along with the operation frequencies. The retrieval
error for all 12 digital phantoms is less than 2:7%. The sources of retrieval error
are, rst, the error resulting from the PSO algorithm's threshold and, second,
the tting functions for A and le. The nal error source is the solution space
constraint for the NR model. The NR model suggests the following:
xn+1 = xn   f(xn)
f 0(xn)
(4.10)
Where xn+1 is the current guess of phantom relative permittivity, xn is the
former guess of the phantom relative permittivity, f(xn) is the function given in 4.9
with the former guess of phantom relative permittivity, and f0(xn) is the derivative
of the function given in 4.9. Since the solution space is restricted in this case study,
the left side of (4.10) should be replaced with xn+1+4(n), with4(n) representing
the error due to the feasible solution space constraint. The constraint directly
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aects the retrieved relative permittivity; however, without the restriction of the
solution space, the NR method might give very high or low roots, meaning such
a restriction is necessary.
Finally, the error in extracted phantom relative permittivity ("ps), compared
with the given or measured relative permittivity ("pc), is determined from equa-
tion (4.4).
Table 4.7: Retrieved and Measured Relative Permittivity Comparison of the Solid
Phantoms With the Modied Analytic Formulation
Parameter Value
Sugar % 30 25 20 15 10 5
Retrieved "phantom 26:5 28:3 29:8 30:7 33:0 34:0
Measured "phantom 21:6 23:8 27:6 29:3 33:0 34:38
Error % 22:2 18:85 7:85 4:67 0 0:87
fc (MHz) 672:99 662:37 653:17 647:91 634:46 628:58
Table 4.7 shows the comparison between the retrieved and measured dielectric
properties. The error sources are explained in the remainder of the chapter and an
error comparison with the previous method is given. The resonant frequencies are
obtained by averaging all ten measurements taken with the spiral resonator. The
measured "phantom values are the electrical property measurements performed by
using Agilent's open ended high temperature dielectric probe at the corresponding
frequencies. Note that, as the measurements are taken between 300 MHz to 3 GHz
with sixteen hundred points, the resonant frequencies may not correspond to the
measurement frequencies. In such cases, the closest frequency of the dielectric
probe measurement is chosen as the reference dielectric property measurement.
The dielectric properties are a smooth function of the frequency; thus, such an
approximation is valid.
The error percentage is calculated using (4.4), which gives less than 23% for
all measurements. As can be seen from Table 4.7, the error is increasing as the
phantom relative permittivity decreases. In Table 4.6, the retrieval results for
30 and 25 % sugar phantoms are higher than those given in Table 4.5. This is
due to the frequency dierence between the two tables: note that in Table 4.5,
four successive measurements have been chosen and averaged. The dielectric
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properties are also calculated for successful measurement frequencies previously
shown in Table 4.5, by using the modied analytical formulation, giving values
for "p of 25.3, 27.1, 28.6, and 30.2, for frequencies of 680.273, 669.148, 660.046,
and 650.943 MHz, respectively. The retrieval error in this case for 30% and
25% sugar phantoms are 16:8% and 13:8%, respectively. In addition to the error
sources given for the simulation results in Table 4.6, the discrepancy between
the retrieved and measured phantom dielectric properties can also be partially
attributed to measurement errors. Two dierent measurement errors may have
occurred: 1) measurement error due to the spiral resonator; and 2) measurement
error due to the coaxial probe.
Measurement Error due to the Spiral Resonator
During the simulations, the size and shape of the phantoms are considered ideal
and homogeneous. However, the shape and condition (i.e., the surface hydration)
of the phantom may not be ideal for the measurements. Thus, such imperfections
can introduce measurement errors.
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Figure 4.17: S11 response of the resonator to the changes in the thickness of the
phantoms.
From the simulations, we know that the thickness of the sample phantom
aects the resonance of the spiral sensor. As the sample thickness increases, the
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eective permittivity increases; thus, the resonator starts to operate at lower
frequencies. Which means that around 0:6 GHz there is a need to use a thicker
phantom for the wave to attenuate before the boundary of the phantom with the
air. As the wave is not attenuating within the phantom the eective permittivity
is including the air as well. However, when the phantom thickness is increased the
percentage of phantom relative permittivity contribution to eective permittivity
increases while the contribution from air is decreasing making the permittivity
higher. Thus, the sensor starts to resonate at lower frequencies.
The eect of thickness is investigated by simulating the spiral structure with
ve phantom samples having a thickness of 10 mm to 30 mm. The dielectric
properties of the phantoms are kept constant ("r = 32:7 and  = 0:284 S/m)
and the size of the phantoms are 95 by 33 mm. The change in the S11 response
is given in Fig. 4.17. From the simulation response, we can conclude that the
response of the resonator is aected by the phantom thickness, increasing the
resonance response by around 17 MHz for the samples studied; however, the
linearity changes with the 30 mm phantom.
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Figure 4.18: Eective conductivity and relative permittivity measurements of the
wide-load and narrow-load with (10% sugar) phantom.
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To examine the real eect of the load size on the response of the spiral res-
onator, it was simulated with two phantoms of dierent sizes. The phantoms
are named wide and narrow load phantoms and both had the same dielectric
properties: "r = 32:7 and  = 0:284 S/m. Note that the dielectric properties
correspond to the 10% sugar concentration phantom. The surface dimensions of
the wide load phantom are 125 mm by 125 mm, and the dimensions of the narrow
load phantom are 95 mm by 33 mm; both phantoms have the same thickness of
30 mm. The structure is modelled by placing a box above the spiral resonator
and assigning the dielectric properties and sizes of the wide and narrow load
phantoms.
(a) (b)
Figure 4.19: Measurement setup: (a) S11 measurement with wide load phantom;
and (b) resonator mounted in a container with the wide load phantom above.
The resonator response was also measured with an equivalent wide load phys-
ical phantom. The wide load phantom was composed by following the recipe of
oil-in-gelatine phantoms, that has been used to mimic the dielectric properties
of biological tissues [24]. The wide load phantom was a liquid phantom when
rst composed; it solidied over night at room temperature. To perform the
measurement, the resonator was mounted at the bottom of a plastic container,
facing upwards, with the container dimensions of 125 mm by 125 mm. The liquid
wide load phantom was poured into the container to a thickness of 30 mm and
left overnight to solidify. The S-parameter response of the resonator was then
collected.
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After the measurements of spiral resonator response were complete, the dielec-
tric properties of the phantom were measured with Agilent's high temperature
dielectric probe. Dielectric property measurements were collected at 10 points,
twice from each point (including above and below surfaces of the phantom, a total
of 20 measurements) and averaged to obtain the properties given in Fig. 4.18. The
measured dielectric properties at 600 MHz are "r = 30:53 and  = 0:5043 S/m.
The measurement set-up with the spiral structure is shown in Fig. 4.19. Note that
all measurements were collected within 24 hours of the phantom composition.
The comparison of the S11 is given in Fig. 4.20. Although there is a dielec-
tric property discrepancy between the physical and digital phantoms, simulated
and the measured S11 for the wide load phantom agrees well with 19:5 MHz
discrepancy in resonant frequency. The narrow load phantom measurement and
simulation are given in Fig. 4.20, where a relatively small 13:7 MHz discrepancy
is observed between measured and simulated S11 responses. However, when the
simulations for narrow and wide load phantoms are compared, we observed a
95:7 MHz discrepancy between the resonance frequencies.
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Figure 4.20: S11 response of the resonator with wide and narrow load phantoms.
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From the presented analysis, we can state that the thickness and other di-
mensions of the phantoms have a signicant eect on the S11 response of the
resonator. Thus, the phantom shape and size results in retrieval errors. We can
conclude that for the intended application of non-invasive blood glucose monitor-
ing, the sensor is subject-specic and would require some form of calibration as
a result, particularly if absolute BGL measurements are desired.
The spiral resonator is also sensitive to the surface condition of the phan-
tom; in addition, the applied force/pressure also contributes to the measurements
taken with the spiral resonator. From Table 4.7, it can be seen that the error
has increased for 25% and 30% sugar measurements. In the simulation results,
the resonator operates at 706:1 MHz and 685:8 MHz when phantoms with 30%
and 25% dielectric properties are placed above, respectively. Due to the discrep-
ancy between measured and simulated resonant frequencies with similar dielectric
phantom properties, the error is attributed the measurement errors. However, it
is very unlikely in the application of non-invasive sensing of diabetes patients,
that blood glucose level can reach up to 25% sugar level. The glucose levels
of a healthy person is ranging from 72 mg/dl to 216 mg/dl. The upper limit
namely 216 mg/dl corresponds to 0:22%. Thus the derived formulas are valid for
such application can be derived using the proposed technique for other resonator
designs.
Measurement Error due to the Coax Probe
The second error source is the dielectric property measurements performed with
the Agilent's open ended coaxial probe. The repeatability of coaxial probe mea-
surements was not conrmed during the measurement routine of the semi-solid
phantoms. The dielectric probe can pick up faulty measurements if the probe is
not in good contact with the sample; the ange at the tip of the high tempera-
ture probe obstruct eye inspection to ensure the proper contact with the sample,
especially when an opaque sample has been used. Apart from the physical limi-
tations, the probe itself may introduce measurement errors. The accuracy of the
high temperature dielectric probe is given as follows [25]:
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"0r = "
0
r  0:05 j"r j (4.11)
"0r is the relative permittivity and "

r complex dielectric property of the sample.
In this study, the measured relative permittivity of the phantoms varies between
21 and 34 and the measured conductivity varies between 0:19 S/m and 0:4 S/m at
the frequency of interest. Therefore, it is expected that the error in the phantom
relative permittivity measurement is in the range of 1 to 1:7.
To examine the measurement errors that can be introduced by the coax probe,
the dielectric property measurements given in Fig. 4.18 was analyzed. Considering
the frequency of interest, the mean and standard deviation for 20 measurements
taken from the same sample were calculated. The mean relative permittivity
at 600 MHz is 30:5 and the standard deviation is 3:04. This implies a potential
error of more than 10% for measured values outside one standard deviation, which
could be a signicant source of error when using the coax probe measurements
as the reference for evaluating the performance of the spiral resonator.
4.4 Conclusions
In this Chapter, two prototypes of a microstrip resonator were designed and fab-
ricated for dielectric property retrieval of biological tissues. The rst prototype
was tested with solutions containing dierent amounts of sugar and by placing
the solutions stored in plastic bags above the transmission line. Signicant shifts
in S11 nulls were observed when the solutions with dierent sugar content were
placed on the sensor. The relative permittivity were retrieved from the S11 re-
sponse of the planar transmission line by tracking the resonance frequency. The
equations used for relative permittivity retrieval have been given. The electrical
properties of the phantoms were measured with the MCL coaxial probe for ver-
ication purposes. Reconstructed relative permittivities are compared with the
previously collected MCL slim probe measurements.
The second prototype was tested with six physical phantoms, composed of
our, distilled water, and sugar. The amount of sugar in the physical phantoms
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was altered from 5 % to 30 % in 5% increments. The S11 response of the transmis-
sion line was measured and, at the resonance frequency, the relative permittivity
of the phantoms with 15, 20, 25, and 30 percent sugar were calculated using
analytical formulations. Retrieved relative permittivities are compared with the
reference data collected with the Agilents high temperature open ended coaxial
probe. An error analysis was carried out and it has been observed that the re-
trieval error is less than 12:1 % for all measurements. The measurements are
performed with gel-like phantoms, since using liquid phantoms required an ad-
ditional material, such as a plastic layer or a superstrate, between the phantom
and the resonator. The repeatability of the measurements was also examined by
performing the measurements ten times within 24 hours of the characterisation
of the phantoms. The proposed approach was a promising application for moni-
toring dielectric property change in biological tissues; however, better calibration
is needed to increase the accuracy.
In order to modify the analytical formulation, the resonator was simulated
with twelve digital cuboid phantoms, with dierent relative permittivities, placed
above the resonator and the S11 response of the resonator was recorded. The an-
alytical formulation was adjusted, termed as the modied analytical formulation,
by using the simulated S11 response of the transmission line. This was done by
nding an optimal solution for the analytical formulation with the PSO algorithm
for each simulation response. This approach provided an insight on the behavior
of the resonator when the physical phantoms were placed above.
The obtained data was utilized to express A and le as a function of frequency
and the relative permittivity of the phantom. The functions for A and le were
written using an MLR model. The retrieval of the relative permittivities of the
phantoms was performed by inserting the operating frequency of the resonator
obtained from the measurements. The retrieved dielectric properties were com-
pared with the dielectric property measurements taken with Agilent's open-ended
high temperature dielectric probe. The retrieval error was found to be less than
23 % for all phantoms. Dielectric property retrieval algorithm was also applied to
the obtained simulation results and the retrieval error was found to be less than
2:7 % for all twelve digital phantoms.
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It has been demonstrated that the dielectric properties of high water content
tissues can be retrieved for narrow bands by employing an analytical equation.
However, it is apparent that various error sources must be better understood
and compensated for in a practical system. Moreover, the eect of the tissue
thickness, shape, and reference dielectric property measurement techniques have
a signicant eect on dielectric property reconstruction. Thus, the performance
of a potential on-body resonator for blood glucose monitoring will be dependent
on the tissue composition, age, gender, and body mass index of the patient. These
issues may imply the need for periodic calibration using conventional bio-sensor
monitoring techniques in a practical system; however, it may still be possible to
signicantly reduce the frequency of blood sampling required compared to existing
solutions. These ndings may therefore form the basis for the development of
an on-body resonator for dielectric property change monitoring that could have
applications in non-invasive blood glucose monitoring or stroke detection.
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Figure 4.21: Wavelength and penetration depth change in the muscle tissue with
respect to frequency [26].
Further analysis of the error sources may help rene the analytical model and
improve performance when applied to measured results. Application to other
types of resonator is another avenue for exploration. Note that, the concentrations
of sugar used in this study are far from normal blood sugar levels; renement of
the model and resonator for a more restricted range are discussed in Chapter
Chapter 4 Spiral Resonators for Dielectric Property Retrieval of Biological Tissues 146
5, with evaluations of the sensitivity and repeatability of the measurements of
particular interest. One issue needing careful consideration and further work
is how to separate the eect of the change in BGL from the eect from other
physiological processes on the relative permittivity of the human body tissue.
Similar studies will also be performed, therefore, examining the other factors
that aect eective permittivity.
Finally, the non-invasive blood glucose monitoring resonator is intended to
operate at relatively low frequencies due to the high loss of the body tissues at
higher end of the microwave spectrum. Although 600 MHz frecuency band is
mainly allocated for TV broadcasting, both current operation frequency of the
resonator and the phantoms does not represent the nal design. Note that the
semi-solid phantom relative permittivities are ranging between 20 to 35; thus, it
is not representing the real tissue environment.
Table 4.8: Penetration depth and wavelength at dierent frequencies in muscle
tissue
Frequency Permittivity Conductivity Wavelength Penetration
MHz "r  (S=m) mm Depth mm
403:5 57:1 0:797 94:2 52:5
600 55:9 0:849 65:2 47:8
2450 52:7 1:73 16:7 22:3
5800 48:4 4:9 7:3 7:5
24125 27:2 29:5 2:2 1:0
61250 12:6 53:2 1:2 0:4
Fig 4.21 shows the change of penetration depth and wavelength change in the
muscle tissue with respect to frequency. To roughly determine the best frequency
of operation the muscle tissue is chosen due to the wide usage in the literature
to represent the whole body permittivity [27, 28]. Table 4.8 shows the exact
wavelength and penetration depths at dierent frequencies. Recently expanded
Med-radio band (401 - 406 MHz) [29] is a good candidate for frequency of opera-
tion. Also 2:40   2:48 GHz and 5:725   5:875 GHz ISM bands are well suited
for the intended diagnostic applications.
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Chapter 5
Glucose Dependence of Cole-Cole
Parameters of Blood and Testing
of a Patch Resonator
Radio frequency (RF) techniques in the literature are mostly focused on
telemetry and BGL sensing is usually performed with a chemical sensor [1, 2, 3].
A limited number of studies have been published employing RF techniques for
sensing changes in BGL. One of the studies published in this area is given in [4]
and [5]; in this work, a two-port spiral resonator is presented. The S21 response
of the resonator is tracked by placing the resonator radiating towards the tissue
while the BGL is uctuated with a procedure named the Soda Test. The ex-
periments are performed with healthy volunteers without a priori knowledge of
the dielectric properties of the blood. The study is aimed to relate the glucose
levels with the output of the spiral resonator. However, from reported studies,
it is known that the pressure can have an eect on the performance of the spiral
resonator.
An ultra-wide band (UWB) antenna is presented in [6] and the return loss
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response of the antenna is tracked while changing the dielectric properties of the
blood layer. The study reports signicant changes in the simulated return loss
response of the UWB antenna. The dielectric property data given to the sim-
ulation software, namely hyperglycaemic and hypoglycaemic, was derived from
the previously reported study which is analysing the eect of glucose to the di-
electric properties of erythrocyte membranes [7]. However, traditionally glucose
level measurements performed through the analysis of blood plasma [8]. It sug-
gests that whole blood glucose levels can be measured and it is usually 1:1 times
higher than plasma glucose levels; thus, whole blood levels can be converted into
plasma glucose levels. However the erythrocyte membranes are not representative
of either whole blood or plasma glucose levels.
In order to fully understand the potential of an RF application, the relation-
ship between glucose level change of blood and the change of dielectric properties
as a consequence should be established. Previously reported studies suggest that
the dielectric properties of blood are glucose-dependent; thus, the dielectric prop-
erties of the blood can be changed with the alterations in blood glucose levels
[9, 10].
In [9], dielectric property dependence of the human erythrocyte membranes
to the D-glucose and L-glucose is examined to determined the mechanism of cell
reactions to glucose. Human erythrocyte is the red blood cells which functions
mainly as an oxygen carrier. D-glucose is the naturally occurring form of glucose,
so-called dextrose, and L-glucose is a synthetic form of glucose produced in the
laboratories. The study reports that the dielectric properties of the erythrocyte
membranes are independent of L-glucose change; however, dependent to the D-
glucose change. However, this article reports the membrane dielectric property
change up to 100 MHz and the plasma glucose is not included in the results.
Note that, for the sake of convenience, it is recommended to report the plasma
glucose levels during both home and clinical testing of blood glucose [8]. Also, [8]
reports that whole blood glucose levels (combination of erythrocyte and plasma
glucose) is 11% lower than plasma glucose levels. Therefore, [9] is hypothesizing
the glucose reaction mechanism on the erythrocyte membranes rather than the
glucose dependance of whole blood dielectric properties.
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A recently reported study suggests that the dielectric properties of blood
decrease as the blood glucose levels are increased [10]. The normal range for
BGL is 72 mg/dl to 216 mg/dl (given in Table 5.1); however, previously reported
studies carried out measurements with a very large amount of glucose. In [10], the
dielectric properties of blood plasma were measured with varying glucose levels
from 0 mg/dl to 16000 mg/dl, starting with an increment of 250 mg/dl, which is
much higher than the normal blood glucose range.
In [11], a study was performed with real blood samples collected from 10
patients, with BGL ranging from 87 mg/dl to 330 mg/dl in the 1 GHz to 10 GHz
frequency band. The study reports the dielectric property measurements of whole
blood samples. However, there is a need to analyze the plasma glucose levels and
also the paper does not provide detailed information about the measurement
steps. In [12], dielectric properties of the blood mimicking phantom materials
were reported between 0:5 GHz to 3 GHz. However, both of these studies do not
provide detailed information and conclusions regarding the change of permittivity
within the range of realistic BGL change.
The concept in using RF techniques for blood sugar level monitoring has, to
the authors' knowledge, not yet examined with the sensitivity issues related to
normal BGL values and the associated dielectric properties. In addition, there
are trade-os regarding the RF resonator (e.g., size, sensitivity, and operating
frequency) that remain poorly understood. This study addresses two vital issues
that have not been reported in detail in the previous studies, that are necessary
to understand the viability of RF methods for BGL monitoring: (1) establishing
a clear relation between the dielectric properties and the realistic glucose levels of
the blood, in an extremely wide frequency range; and (2) performing controlled
experiments with a minimum eect from the measurement conditions, to allow
some assesment of the sensitivity requirements under realistic conditions. To do
so, a patch resonator was designed to operate in the 2:4 2:48 GHz ISM band when
placed radiating against a four-layered tissue phantom; then, by decreasing the
relative permittivity of the blood layer, the simulated response of the resonator
was analyzed. The ISM band is chosen because of the reasonable penetration
depth comparing to other ISM and MICS bands (7:5 mm in muscle tissue) and
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ISM band is also licensed for medical use [13]. The proposed spiral resonators
were bulky; thus, there was a need to miniaturize the design and increase the Q
factor. Therefore, a new and much smaller patch design is proposed.
In order to study the eect of blood glucose on the dielectric properties of
the blood through experiments, tissue mimicking materials were fabricated and
characterized (see Chapter 3 for details). Powdered dextrose (glucose) was added
to the blood mimicking material and dielectric property measurements were per-
formed. A Cole-Cole analysis was performed to quantify the dielectric property
change in the blood mimicking material. The resonator was tested with the four-
layered tissue mimicking material and simulations are replicated by changing the
blood layer with blood mimicking materials with diering amount of glucose con-
tent.
Section 5.1 provides the design of the patch resonator and the experimental
methodology for testing. The dielectric property measurement for blood mim-
icking material having dierent dextrose levels is also explained in Section 5.1.
Analysis methods are presented in Section 5.2; the results are presented in Sec-
tion 5.3. Finally, conclusions are drawn in Section 5.5.
5.1 Design and Experimental Methodology
5.1.1 Dielectric Property Measurements of Blood Mim-
icking Material with Varying Realistic Blood Glu-
cose Levels
This section describes the experimental method used to quantify the dependence
of the dielectric properties of blood to the blood glucose levels. To this end, an oil-
in-gelatin dispersion blood mimicking material was made, using the recipes given
in Chapter 3. The blood mimicking material was divided into ve 200 ml beakers,
each beaker containing around 200 grams of blood mimicking phantom. Next,
0 g, 0:14 g, 0:24 g, 0:34 g, and 0:44 g of powdered dextrose (glucose) was added
to the beakers, respectively, at 28 C. Corresponding mmol/l and mg/dl values
for glucose are given in Table 5.1. The phantoms were poured into 78 mm by
Chapter 5 Glucose Dependence of Cole-Cole Parameters of Blood and Testing of a Patch Resonator 154
111 mm containers with the thickness of 24 mm. The samples were left overnight
to solidify. Five samples in total were prepared. Dielectric property measurements
were taken within 18 to 30 hours of phantom characterization with the Agilent's
open ended high temperature dielectric probe, following the dielectric property
measurement routine described in Chapter 3.
Table 5.1: Blood Mimicking Material with Corresponding Glucose Index
Dextrose (g) Glucose (mmol/l) Glucose (mg=dl)
0.14 4 72
0.24 7 126
0.34 9 162
0.44 12 216
Dielectric property measurements were collected from the top and bottom
sides of the phantoms, from at least 5 points on each side and two measurements
collected from each point. The total number of measurements collected from all
the phantom samples was 107, with 2500 data points across the frequency range
for each measurement.
5.1.2 Design of Patch Resonator
In order to obtain some initial insights into the use of resonators for BGL moni-
toring, an on-body patch resonator is designed to operate in the 2:40  2:48 GHz
ISM band when radiating towards the tissue. The resonator was designed using
CST Microwave Studio software when a four-layered (skin, fat, blood, and mus-
cle) digital phantom was placed above the resonator as a superstrate, to represent
the lossy biological tissue.
Table 5.2: Dielectric properties and Thicknesses of the Digital Phantoms at
2.45 GHz
Tissue Type "r e(S/m) Thickness (mm)
Wet Skin 42.923 1.562 1.0
Fat 5.283 0.103 1.0
Blood 58.347 2.502 2.5
Muscle 52.791 1.705 15.1
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All tissues had planar dimensions of 127 mm by 127 mm and the thicknesses
of the phantoms are given in Table 5.2. The phantoms were given non-dispersive
dielectric properties of the biological tissues at the designed operation frequency
(2:45 GHz), also given in Table 5.2 [14, 15].
(a) (b)
(c)
Figure 5.1: Patch Resonator: (a) side view; (b) top view; (c) printed resonantor.
Table 5.3: Dimensions of the Patch Resonator
Parameter V alue (mm) Parameter V alue (mm) Parameter V alue (mm)
Ws 29.00 Wh 9.365 Ld 1.8
Wf 13.27 Lp 9.2 Lp 9.2
Wp 10.27 Ls 20.0 Lh 1.3
Wc 12.27 Lc 3.2 Lc 3.2
Wd 8.27
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The conguration of the resonator is given in Fig. 5.1 and the dimensions
are given in Table 5.7. The resonator was printed on Rogers 3210 substrate with
"r = 10:2 and a dissipation factor of 0:0027 at 10 GHz. Note that the Rogers sub-
strate is not frequency dispersive over the frequency of interest. The high relative
permittivity of the substrate enables the miniaturization of the resonator. The
size of the substrate is 29 mm by 20 mm, which is comparable to a conventional
implantable antenna. Two shorting via pins were used to connect the patch to
the ground plane symmetrically. The shorting vias enabled further miniaturiza-
tion of the resonator. The patch resonator is a two-port structure and the energy
is capacitively coupled to the patch with two feeding lines. The feeding lines are
fed with SMA connectors. The return loss measurement and simulations results
for both air and tissue medium are given in Section 5.3.
(a) (b)
Figure 5.2: Patch Resonator: (a) simulation with four-layered tissue; (b) patch
distance from the digital phantom edges.
5.1.3 Testing of the Resonator with Tissue Mimicking
Materials
In this section, the resonator is tested with tissue mimicking materials. Dextrose
was added to the blood mimicking material (BMM) in dierent indices which
corresponds to the real values of the glucose in the human blood. The response
of the resonator was recorded while the BMM layer was replaced with another
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(a) (b)
Figure 5.3: Resonator mounted at the bottom of the container: (a) top view; (b)
bottom view.
BMM layer containing a dierent amount of dextrose. The aim of this experiment
was to examine the eect of dextrose change on the response of the resonator.
The fabricated patch resonator was mounted at the bottom of a container.
The container had dimensions of 127 mm by 127 mm. During the fabrication
of the resonator, SMA coaxial feeds were soldered with a slight angle (i.e., the
resonator was tilted 1:98 upwards on the longer side of the substrate); thus,
the resonator was tilted up when mounted to the container. Note that SMA
connectors was mounted with a slight angle due to the fabrication limitations.
The distances from the edges of the container were measured and are given in
Fig. 5.3.
Wet skin, fat, blood, and muscle mimicking materials were made using the
recipes and characterization process given in Chapter 3. Four samples of BMM
were characterized and 0:24 g, 0:34 g, and 0:44 g of dextrose were added to
three of the BMM samples. The wet skin mimicking material was poured in to
the container with the resonator mounted at the bottom with 1 mm thickness
from the top of the resonator. The other phantoms were poured into identical
containers with thicknesses of 1 mm, 2:5 mm, and 15 mm for fat, blood, and
muscle mimicking materials, respectively. BMM phantoms with dierent dextrose
index values were also poured in identical containers with a 2:5 mm thickness.
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(a) (b)
Figure 5.4: Patch resonator: (a) four-layered tissue placed on top of the resonator;
(b) measurement set-up.
The fat, blood, and muscle layers were placed on top of the wet skin layer and
the S-parameter response of the resonator collected, with the blood layer using
one from the set of blood mimicking materials. The measurement set-up is shown
in Fig. 5.4.
5.2 Analysis of the Collected Data
5.2.1 Dielectric Property Analysis of Blood Mimicking
Phantoms
The collected data from blood mimicking materials with dierent dextrose indices
were analyzed in two steps. The rst step was the elimination of poor data. To
do so, measured dielectric properties, for one phantom at a time, were plotted
Table 5.4: Feasible solution space given to the Cole-Cole parameters in the PSO
algorithm
Parameter "1 "n n n i
Minimum 2 2 7 0 0:01
Maximum 6 70 14 1 3
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in MATLAB and plots deviating vastly from the majority of measurements were
eliminated. By doing so, 12 out of 107 measurements was eliminated.
The second step was to minimize the parameters of the remaining data (95
measurements) for comparison with respect to glucose indices, because the col-
lected data contains over a million data points. To this end, a single-pole Cole-
Cole model was used to express the measured dispersive dielectric properties as a
function of frequency. Cole-Cole tting has often been used to compare the dielec-
tric properties of the biological tissues in the literature: to express the measured
data with a compact equation and to compare the variations of dielectric prop-
erties in biological tissue due to the changes in water content, heat, and glucose
level [10, 16, 17, 18]. It has been also shown [18] that the single-pole Cole-Cole
tting is more ecient than two-pole Cole-Cole tting, because the number of
parameters is smaller and the single-pole tting represents the measured data
just as well as two-pole tting. The single-pole Cole-Cole equation is shown in
(5.1):
"! = "1  
X
n
"n
1 + (j!n)(1 n)
+
i
j!"0
(5.1)
where "n is the dierence between static permittivity and permittivity at
higher frequencies "s   "1, ! is the angular frequency and "1, n, n, i are the
Cole-Cole parameters. The Cole-Cole parameters were found with particle swarm
optimization (PSO) [10, 19]. PSO returns all Cole-Cole variables by minimizing
the tness function. The tness function of the PSO was chosen as the Euclidean
distance [20] between the raw data input and the Cole-Cole equation output. The
equation for Euclidean distance is given in (5.2):
e =
1
N
NX
i=1
"
"0!i   "^0!i
median ["0!i ]
2
+

"00!i   "^00!i
median ["00!i ]
2#
(5.2)
where "0!i and "
00
!i
are the real and imaginary part of measured dielectric
properties. "^0!i and "^
00
!i
represent the output of the Cole-Cole equation for real
and imaginary part of the dielectric properties, respectively, and N is the number
of points picked across the frequency range of 0:3 GHz to 20 GHz (2500 for this
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Figure 5.5: Euclidean distance 5.2, also referred as Euclidean space is the distance
between two points, from the PSO algorithm's output.
study). The PSO algorithm stops and returns values for the ve set of parameters
if the Euclidean distance is smaller than the threshold of 0:00012. The pre-
determined feasible solution space given to the parameters in the algorithm is
shown in Table 5.4. To verify the validity of Cole-Cole tting, the Euclidean
distance for each tting was computed, shown in Fig. 5.5. The number of particles
chosen in the PSO algorithm was 30. The algorithm would end after 500 iterations
if the threshold were not reached before this point. Note that an additional
measurement was excluded, since the Cole-Cole equation could not be tted to
the measurement; thus, 13 measurements in total were excluded. The solutions
were reached within 10 to 150 iterations.
5.2.2 Input Impedance Analysis of the Resonator
From the literature, it is known that an increase in BGL decreases the relative
permittivity of blood. To study this eect in terms of the response of the patch
resonator, simulations were performed where the relative permittivity of the blood
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Figure 5.6: Simulated change of input impedance with respect to change in blood
layer relative permittivity: a) at 2:4 GHz, b) at 2:4512 GHz.
layer in a four-layered digital phantom was decreased and the response of the
resonator was observed. Firstly, the return loss response was observed, with
the resonator was operating at 2:4512 GHz; when the relative permittivity was
decreased by 2, the operation frequency remained unchanged. From reported
studies, we can conclude that the relative permittivity alterations at 2:45 GHz
is lower than 2 within the range of 4   12 mmol/dl change in blood. Thus,
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the relative permittivity change can not be sensed with the current structure at
2:45 GHz when only tracking the resonance frequency.
However, we observed a mismatch in the return loss response when the relative
permittivity of blood layer was changed. To investigate this, the input impedance
of the resonator was calculated from the Z parameter response of the resonator:
Zin = Z11   Z12Z21
Z22 + ZL
(5.3)
Z-parameters were calculated with CSTMicrowave Studio, and the load impedance
ZL was considered matched (50 
). The change of input impedance of the res-
onator with the decrease in relative permittivity of the blood layer is given in
Fig. 5.6 a and Fig. 5.6 b. The real part of the input impedance is increasing as
the relative permittivity is decreasing. On the other hand, the imaginary part of
the input impedance is decreasing as the relative permittivity is decreasing.
For the experiment proposed in Section 5.1.1, the input impedance was cal-
culated from the recorded S-parameter response. First, the S-parameters were
converted to Z-parameters; next, the input impedance was calculated using (5.3).
The results are given in Section 5.3.2.
5.3 Results and Discussion
5.3.1 Cole-Cole Analysis of the Blood Mimicking Materi-
als with Dierent Glucose Indices
The median values of the measured dielectric properties were calculated at each
frequency for the ve samples of blood mimicking material, categorized as 0 g,
0:14 g, 0:24 g, 0:34 g, and 0:44 g of dextrose index. Measured dielectric properties
of the blood mimicking phantom with varying dextrose levels are given in Fig 5.7
and Fig 5.8 for relative permittivity and eective conductivity, respectively. No0te
that the measurements are performed 20 times for each sample and the median
of 20 measurements is taken.
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Table 5.5: Cole-Cole parameters of Median Curves for Realistic Dextrose Levels
Parameter 0 g 0:14 g 0:24 g 0:34 g 0:44 g
"1 3.41 2.24 2.67 3.62 3.26
"n 57.13 59.31 56.6 57.56 56.79
n 11.29 11 11.12 10.85 10.71
n 0.09 0.07 0.04 0.05 0.04
i 1.05 1.08 1.03 1.05 1.07
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Figure 5.7: Relative permittivity measurements of blood mimicking material with
0, 0:14, 0:24, 0:34, and 0:44 g dextrose.
In order to show the validity of the Cole-Cole tting, the median of the 0 g
dextrose blood mimicking material and tted Cole-Cole models are shown in
Fig. 5.9 as an example. Calculated Cole-Cole parameters for each phantom sam-
ple are shown in Table 5.5. Next, the Cole-Cole parameters were expressed as a
linear function of the amount of glucose in the sample. The coecients for each
phantom are shown in Table 5.6. An example of the linear tting for the "n
parameter is plotted in Fig 5.10.
After the linear tting, the trends of the Cole-Cole parameters were observed;
apart from "1 and i, all the parameters demonstrate a decreasing trend with
the increase in the dextrose levels. The "1 trend is slightly increasing, whereas
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Figure 5.8: Eective conductivity measurements measurements of blood mimick-
ing material with 0, 0:14, 0:24, 0:34, and 0:44 g dextrose.
Table 5.6: Coecients of the Linear Function y = ax + b Fitted to Cole-Cole
Parameters with respect to Glucose Concentration
Coecient "1 "n n n i
a 0.795 -1.953 -1.218 -0.113 0.011
b 2.86 57.93 11.28 0.084 1.05
i remains almost constant while the dextrose levels are increasing. The trend
observed for "1 and "n agrees with previously published results [10]. The in-
crease of "1 with dextrose content implies that an increase in relative permittivity
is expected at high frequencies. From Fig. 5.10, the relative permittivity is ex-
pected to vary by approximately 1 unit when the minimum and maximum levels
of glucose are considered. The n parameter displays only minor variation with
diering glucose index. Finally, from the analysis of the i parameter, no sig-
nicant changes in the eective conductivity of the phantoms are expected for
minimum and maximum glucose content.
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Figure 5.9: Comparison between the median of the dielectric property measure-
ment and Cole-Cole tting performed for blood mimicking material with 0 g of
dextrose.
5.3.2 Patch Resonator Measurement Results with Four-
Layered Tissue Mimicking Phantom
An S-parameter measurement in air media was performed, to verify the proper
functioning of the resonator. Results from simulation in air media, measurement
in air media, and measurement in air media with the resonator mounted at the
bottom of the container, are shown in Fig. 5.11. The dierence between mea-
sured and simulated air media results shows that resonance shifts occurred due
to the fabrication process. Namely, the rst notch is shifted 216 MHz to left and
the second notch 218 MHz to right. Additionally, due to the plastic box, the
rst notch shifts 17 MHz to left and the second notch shifts 70 MHz to right.
The overall dierence between simulation and mounted resonator performance is
233 MHz to left and 148 MHz to right, for rst and second notches, respectively.
The simulated and measured return loss of the resonator with the four-lay-
ered tissue mimicking phantom are shown in Fig. 5.12. Note that the blood
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Figure 5.10: Linear tting to the "n = "s "1 Cole-Cole variable with respect
to dextrose levels.
layer has no dextrose. The simulated resonance frequency is 2:451 GHz, whilst
the measured resonance frequency is 2:143 GHz. The measured resonance fre-
quency is shifted to the left by 308 MHz, when compared with the simulation.
From Fig. 5.11, the rst notch is shifted to the left by 233 MHz due to fabri-
cation and plastic (polypropylene) container, since the plastic container was not
included in the simulations. The relative permittivity of polypropylene is 2:2 and
the dissipation factor is 0:0003 at 1 GHz. The other factors that can aect the
resonance frequency could be the mismatch in relative permittivity and eective
conductivity of the physical phantoms with respect to human tissues. Note that
non-dispersive, in terms of frequency, dielectric properties at 2:45 GHz were con-
sidered during the simulation, shown in Table 5.2, whereas the physical phantoms
used in the experiments were frequency dispersive.
Next, the blood layer without dextrose was exchanged with the blood layers
with higher dextrose content and the S-parameter response of the resonator col-
lected. From the Cole-Cole parameter results, a maximum change in the relative
permittivity of the blood layer of 1 unit is expected.In Fig. 5.6, a 1 unit change in
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Figure 5.11: Measured and simulated return loss of the resonator in air media.
the relative permittivity of the blood layer corresponds to a +0:2 
 and  0:02 

change in the real and imaginary parts of the input impedance, respectively.
Fig. 5.13 shows the calculated input impedance from the measured S-parameter
results at the resonance frequency. The change in the real and imaginary part of
the input impedance is  0:08 
 and +0:05 
, respectively. The discrepancy be-
tween the measurement and simulations could be due to the resonance frequency
shift in the measurement, when compared to the simulation.
The experiment was then repeated with the other BMM layers of dierent glu-
cose indexes, starting from 7 mmol/dl. The results are also shown in Fig. 5.13.
As this work represents an initial study, there is still a need to perform additional
measurements within the realistic BGL range, to provide a baseline for further
studies. In particular, the experiment will be repeated with smaller glucose in-
dex values, to identify the minimum detectable glucose index with the patch
resonator; this is important for hypoglycemia, for example. In addition, the step
size in glucose index values should be increased and more data points should be
collected, to further verify the initial results shown above. The maximum glucose
level can also be increased, to allow for the response to extreme values (e.g., in
Chapter 5 Glucose Dependence of Cole-Cole Parameters of Blood and Testing of a Patch Resonator 168
1.5 2 2.5 3 3.5
−40
−35
−30
−25
−20
−15
−10
−5
0
Frequency (GHz)
S 1
1 
(dB
)
 
 
Measured S11 with Four
Layered Tissue
Simulated S11 with Four
 Layered Tissue
Figure 5.12: Measured and simulated return loss of the resonator with four-
layered tissue mimicking material.
hyperglycemia) to be determined. These experiments must also be performed
with more sensitive resonators.
It is apparent that the realistic changes in BGL (i.e., restricted to a narrow
range) result in restrictions in the degree of change in the measurable dielec-
tric properties. Whilst this study has demonstrated laboratory-level measure-
ments can still detect the observable changes, this is a long way from practical
applications, especially when considering that other physiological processes can
potentially produce similar, or even larger, changes in the dielectric properties.
However, the results above are useful to set the boundaries of what must be de-
tected, allowing the resonator performance to be specied. Typically, resonators
are specied in terms of their operating frequency and bandwidth; an alternative
gure-of-merit to bandwidth is the quality factor (Q-factor, or Q). One method
for estimating the total Q is using
f
fr
=
VSWR  1
Qt
p
VSWR
(5.4)
where fr is the resonant frequency, f is the operating bandwidth for the res-
onator and VSWR is the voltage standing wave ratio level used to determine the
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Figure 5.13: Measured input impedance with four-layered tissue mimicking ma-
terial by alternating the blood layer with four dierent glucose index.
relevant bandwidth. Low-Q resonators thus have wide bandwidths and corre-
spondingly low frequency selectivity; high-Q resonators have narrow bandwidths
and high selectivity. The total Q is aected by various losses in the system,
some of which are unavoidable in this application (in particular, the losses in the
tissues).
It is obvious that a high-Q resonator would be preferred to measure BGL,
given the narrow variation of dielectric properties related to normal variations
in BGL (and resulting small changes in resonant frequency and input impedance
magnitude). The total Q of the patch resonator used in this study is estimated
using (5.4) as Qt = 4:0653, for a VSWR of 1:92 (this is equivalent to S11 =
 10 dB) and fr = 2:143 GHz. The lower and upper limits of the resonant
band are 1.962 GHz and 2.312 GHz, respectively. Hence, this resonator is low-Q
and not optimal for this application. Higher-Q resonators will be investigated
to improve performance. It is also worth noting that resonators operating at
higher frequencies can provide higher Q-values for the same absolute bandwidth
f . This provides two avenues for investigation: higher frequency operation,
which may have limitations related to penetration of the RF signal into the body
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tissue, and resonator designs with inherently higher Q, which are likely to be
more complex in geometry, or fabrication, or both.
5.4 ISM Band Spiral Resonator
In this section, we propose a simulation comparison of input impedances between
the patch resonator and spiral resonator. To do so, we introduced new version
of the spiral resonator, proposed in Chapter 4, tuned to operate in the 2:45
GHz ISM Band (2:4-2:48 GHz) when radiating against the four-layered (skin-
wet, fat, blood, and muscle) digital tissue mimicking materials. The digital tissue
mimicking materials were given non-dispersive dielectric properties representing
the tissues at 2:45 GHz. The thicknesses and the dielectric properties of the
tissues used in the simulation are given in Table 5.2. Width and length of the
phantoms are 127 mm by 127 mm. The simulation conguration is shown in
Fig. 5.14
The spiral resonator was designed by optimising the conguration of the spiral
resonator proposed in Chapter 4. First, the length of the spiral was truncated;
then, two via pins were placed symmetrically, shorting the arms of the spiral
resonator to the ground plane. By changing the location of the via pins, the
operation frequency is tuned. For example, as the pins moved towards the ports,
the spiral resonator starts to operate at higher frequencies. In Fig. 5.15, the
conguration of the resonator is given; the shorting via pins are shown with
black dots and ports are shown with red dots.
Two identical coaxial feeds are designed to feed the spiral resonator in the
simulation. The dimensions of the coaxial feeds are as follows: diameter of inner
conductor is 1:3 mm, diameter of dielectric is 4:1 mm with a 1:3 mm hole inside
for the inner conductor; the length of the coax is 5 mm, and nally, thickness
of the outer shell is 0:05 mm. The substrate of the spiral resonator is Rogers
3210 substrate with "r = 10:2 and a dissipation factor of 0:0027 at 10 GHz. The
dimensions of the spiral resonator are shown in Table 5.7. Note that the spiral
resonator has a full ground plane. A return loss comparison of the patch and
spiral resonators with normal blood glucose ("r = 58:347) is given in Fig. 5.16.
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(a)
(b)
Figure 5.14: Simulation conguration of the ISM band spiral resonator: (a)
digital tissue blocks and resonator; (b) the location of the resonator.
Center frequencies are 2:452 GHz and 2:451 GHz for spiral and patch resonator,
respectively. The center frequencies are very close; however, a better matching
was obtained for the patch resonator.
To examine the sensitivity of spiral resonator's input impedance to the changes
in relative permittivity, digital blood mimicking material block's relative permit-
tivity is decreased. From the simulated S-parameter response, Z-parameters are
calculated for each case. There is no shift in the frequency of operation of the both
resonators for minimum and maximum values of the blood phantom 56:347 and
58:347, respectively. However, the matching changes for both of the resonators.
The change of the input impedance for patch resonator is given for 2:4 GHz in
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Figure 5.15: Conguration of the ISM band spiral resonator.
Table 5.7: Dimensions of the ISM Band Spiral Resonator
Parameter V alue (mm) Parameter V alue (mm) Parameter V alue (mm)
Ws 32.00 Ls 84.3 L5 12.51669
W1 8.193 L1 19.4 L6 20
W2 1.807 L2 48 a1 5
W3 1 L3 7.3 a2 6.5
W4 11.5965 L4 5.3 a3 8.5
Fig. 5.6, and the formulation for the input impedance calculation is shown in
equation 5.3. The same equation is used to calculate the input impedance of the
spiral resonator.
In Table 5.8, a comparison between the input impedance of the spiral resonator
and patch resonator at center frequency is shown. From the results, we can state
that both of the resonators are somewhat sensitive to the changes in the dielectric
properties of the blood layer. However, assuming that the dielectric property
change will be 1 unit, the corresponding change for the spiral resonators input
impedance will be 0:06 
 and 0:002 
 for real and imaginary parts, respectively.
Similarly, the corresponding change for the patch resonator will be 0:16 
 and
0:067 
 for real and imaginary parts, respectively. From the comparisons, we
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Figure 5.16: Return loss comparison of the spiral and patch resonator.
Table 5.8: Calculated Input Impedance of the Resonators (Spiral: 2.452 GHz;
Patch: 2.451 GHz)
Glucose Blood "r Patch Spiral
levels(mmol=l) Units Re(Zin) 
 Im(Zin) 
 Re(Zin) 
 Im(Zin) 

0 58:347 48:04  0:802 37:15 6:820
1:2 58:247 48:05  0:809 37:16 6:820
6 57:847 48:12  0:804 37:18 6:820
12 57:347 48:20  0:879 37:21 6:818
18 56:847 48:28  0:916 37:24 6:817
24 56:347 48:36  0:950 37:27 6:815
can conclude that the patch resonator is more sensitive to the dielectric property
change of the blood layer.
5.5 Conclusions
In this Chapter, experimental validation of simulations and investigations of more
realistic levels of blood sugar are presented. Also, some poorly-understood trade-
os regarding the RF resonator (size, sensitivity, operating frequency) are exam-
ined.
This chapter also presents dielectric spectroscopy results of the blood mim-
icking material with realistic blood glucose levels. The results of the dielectric
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spectroscopy suggest that there is only a slight change in the relative permittivity
of the blood with altering realistic glucose levels and the eective conductivity is
expected to remain constant.
In addition, the wide-band TM materials were used in measurements per-
formed with a patch resonator, with varying quantities of dextrose added to the
blood layer. This work examines the possibility of measuring the blood glucose
levels non-invasively and continuously within the realistic blood glucose level
range. It has been shown that the input impedance response of the patch res-
onator is sensitive to the changes in the relative permittivity of the blood layer.
The trend of the measured input impedance has been shown to be consistent
with the simulated response. The proposed approach presents a potential for
non-invasive continuous monitoring of changes in blood glucose level.
A spiral resonator, operating in the popular 2:45 GHz ISM band, was com-
pared to the patch resonator, with respect to its ability to detect small changes in
blood glucose level, via simulations using a four-layered digital phantom. These
small changes are detectable in principle, but results suggest the system sensitiv-
ity must be optimised.
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Chapter 6
Observational Study with Patch
and Spiral Resonators
The ultimate testing domain for devices intended to be used in the vicin-
ity or on the human body is using the human subjects. Testing of a blood
glucose monitoring system ultimately requires human subjects and blood sam-
ples from those subjects. The study can be elaborated by using diabetic human
subjects. However, such experiments are subject to tight regulations [1, 2]. In
particular, usage and collection of human blood and it's components is highly
regulated [3, 4]. Major reasons for such tight regulations on blood usage is exper-
iments requiring blood collection posses high risk of infection to the subject and
experimenter. Thus, the laboratory should be organized and equipped according
to the requirements, that includes a medical waste, disposable personal lancets
and blood collection items, and hygiene standards should be met. Also, unsuit-
able subjects, namely donors with serious medical condition including carriers
of transmissible blood diseases, should be identied before the experiments to
prevent experimental misconduct. Although clinical tests are vital to asses the
eciency and the safety of such devices, there is a need to perform preliminary
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human tests to assess the feasibility of the proposed technique. Non-ionizing ra-
dio wave emitting devices that is designed to operate in the vicinity or on the
body have been tested with humans in the literature without obtaining rigorous
ethical approvals [5, 6, 7, 8]. Such tests are not subject to tight regulations.
Thus, under certain constraints and assumptions, for example in this study by
eliminating the blood sample collection, human tests can be carried out with the
previously proposed patch and spiral resonators. Through the proposed exper-
imental study, this chapter lays out the foundations for the requirements and
necessary improvement in the proposed system to carry out a successful clinical
tests.
In this chapter, the patch resonator proposed in Chapter 5 and the rst proto-
type of the microstrip spiral transmission line proposed in Chapter 4, Section 4:2
are used. Although the proposed resonators were previously tested with tissue
mimicking phantoms and with liquid phantoms to verify the proper functioning of
the resonators, the ultimate test domain, to understand the true performance of
the structure, is using human subjects. However, human tests requires carefully
designed experiments to minimize the eects of other changes in the body to the
resonator response. One factor that is known to eect the resonator response
from earlier observations is the applied force. This eect is due to the change in
superstrate geometry and in return eective permittivity changes when the tissue
is pressed, squeezed or stretched. Thus, there is a need to calibrate the response
of the resonator in order to gather the data relating to the permittivity change
due to the glucose levels. However, this approach not only requires a multiple
sensor system but also a smart algorithm to detect the relevant data. As a nec-
essary preliminary step towards this objective, in this chapter we are proposing
initial human experiments performed under controlled conditions. Note that the
QMUL Antenna laboratory is authorized by the QMUL research ethics committee
to investigate the interaction between RF/microwaves and biological tissues.
One of the constraints for both patch and spiral resonator tests is the subjects
are required to go through the procedure named soda test. The soda test is
similar to the oral glucose tolerance (OGT) test, a conventional test performed
in hospitals to diagnose the diabetes disease. To perform the OGT, the patient is
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required to fast for at least 6 hours, and when the patient arrives to the hospital
their fasting state glucose levels are measured. For a non-diabetic the fasting
state glucose level is around 3:5 to 5 mmol/l [9, 10, 11]. After this measurement,
the subject is given a glucose-rich drink, then the glucose levels are tracked over
time. For a non-diabetic, two hours after the glucose-rich drink intake, the levels
should be less than 7:8 mmol/l [9]. The soda test, described in more detail in
Section 6.1.2, is a very similar procedure; essentially, in the soda test the glucose-
rich drink is substituted with soda containing 36 grams sugar. The OGT is an
eective way to alternate the blood glucose levels very rapidly. In Fig. 6.1 [12, 13,
14], the graphs for the glucose levels of the healthy subject and diabetes patient
during OGT test is shown.
Figure 6.1: Change of blood glucose levels during an oral glucose tolerance test
for diabetic patient and non-diabetic subjects [12] .
The other constraint considered during the patch resonator measurements is
keeping the applied force constant. To do so, dual sensor system is designed by
combining commercial force sensors with the patch resonator. The experimental
set-up and the force measurements are explained in Section 6.1.1.
In this work, due to the health and safety regulations only healthy subjects
are considered. The remainder of the chapter is organised as follows. The ex-
perimental methodology for both of the resonators is presented in Section 6.1.
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Calibration procedure the force sensors is described in section 6.1.1. The experi-
mental methodology used for patch resonator elaborated in section 6.1.2. Exper-
imental procedure for spiral resonator is dened in 6.1.3. Calibration results are
given in section 6.2.1. Soda test results for patch resonator and spiral resonator
are given in section 6.2.3 and 6.2.3, respectively.
6.1 Experimental Methodology
6.1.1 Force Tests for Patch Resonator
Patch resonator presented in Chapter 5 was mounted on a wooden test bench with
the dimensions of 140:5x360x18 mm3. Dielectric properties of the wooden bench is
"r=1:8, tan()=0:15 at 2:45 GHz. Two exible commercial thin-lm force sensors
were taped at both end of the resonator leaving 2 mm space between the resonator
and the force sensors. The force sensors are identical and the length, width, and
thicknesses of the sensors are 100 mm, 14 mm, and 0:203 mm, respectively. Both
of the force sensors used in this study are A201 type exiforce commercial thin-
lm type sensors [15]. Transparent cover of the commercial sensors is polyester
(Mylar) with the dielectric properties of "r=3:2, tan()=0:005. Experimental
conguration of the test bench is shown in Fig. 6.2. Simulation conguration is
identical to experimental set-up. Note that the force sensors are considered as
homogeneous Mylar during the simulations.
(a) (b)
Figure 6.2: Conguration of the test bench: (a) the resonator and force sensors;
(b) wooden test bench.
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Figure 6.3: Feeding circuit for thin-lm force sensors.
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Figure 6.4: Calibration measurements: (a) the power tting to the calibration
values; (b) residual plots of the power tting.
The commercial force sensors can measure the applied force up to 400 grams.
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Feeding circuit for force sensors is shown in Fig. 6.3. Feeding circuits were built
on a breadboard and output voltage of the force sensors were measured with
multimeters. The variable resistances were xed to 203 k
.
To express the applied force in terms of weight the sensors are calibrated.
Calibration is performed by placing a disk to the sensing area of the force sensors
to concentrate the weight only on the sensing area of the sensors. Then the
previously known precise weights are placed on top of the disk and the output
voltage of the sensors are measured with multimeters. The calibration graph for
the sensor are shown in Fig. 6.4 (a). Two sets of data are taken from the rst
and second sensors and the median of those data is plotted in the Fig. 6.4 (a).
The coecients for the power tting function is a= 0:085 and b= 0:678. The R
square is 0:965 denes the goodness of the tting. Residual plots are given in
Fig. 6.4 (b).
Force measurements are performed with four female and one male healthy
subjects. The Body Mass Index (BMI) of the each subject is given in Table 6.1.
The age of the subjects are ranging from 25 to 40. The blood glucose levels of
the subjects were constant and were expected to be low (4 to 5 mmol/dl) as the
subjects were fasting more than 6 hours before the experiment. The subjects were
asked to press the inner part of their right arms to the bench where the resonator
and the sensors are mounted on top. The subject's arms were also marked with
an arm band, 45 mm distance from the wrist was placed on the edge of the test
bench, to measure the same tissue block on each subject. Also the location of the
arm is marked with bands and on each measurement experimenter checked the
placement of the arm to ensure that the sample placement was matching with the
previous measurements for each subject. Note that such restriction maximises
the repeatability.
Table 6.1: Body mass index (BMI) of the subjects
Subject BMI Subject BMI
Female1 22:1 Female4 21:9
Female2 25:0 Male1 22:1
Female3 22:5
During the force experiments the subjects were asked to apply the same
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amount of force to both force sensors located next to the resonator. When the
same level of force was reached on both sensors the experimenter recorded the
resonator response. For each force level 5 resonator response was recorded. The
subjects applied four dierent levels of force, from 0:5 V to 2 V with 0:5 V incre-
ments.
6.1.2 Soda Test for Patch Resonator
In this test, the objective is to increase the blood sugar levels of a healthy human
subject rapidly. The subject is required to fast at least six hours before starting
the experiment. While the subject is still fasting the force measurements are
performed and the subjects asked which force level was more comfortable. Each
subject indicated 1 V output force level as the most comfortable force level.
Then the subject is asked to give another set of measurement while still fasting
by applying 1 V force. The subject is then asked to consume the soda drink.
After the ingestion of the 330 ml sugar-rich soda drink response of the resonator
is recorded for two hours with approximately 8 minute intervals. The work ow
during the patch resonator experiments is shown in Fig. 6.5.
Figure 6.5: Work ow during force and soda test experiments with patch res-
onator.
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During the data analysis the median of the ve measurements are taken and
each considered as a single data point at the time of the measurement. The
purpose of taking the median is to minimize the faulty readings.
6.1.3 Soda Test for Spiral Resonator
The rst prototype (presented in Chapter 4, Section 4:2) is strapped to the sub-
ject's arm, radiating towards the tissue. One female and one male subject aged
between 23 to 25 are tested. The subject is asked to place the arm to a desk and
asked to not to remove or move the arm during the experiment. The subjects
remained in the same position during the experiment especially the arm where
the spiral resonator is strapped is kept in the same position. Thus, the applied
pressure kept constant. The sensor is then connected to a HP 8720ESVNA vector
network analyzer; the measurement set up is shown in Fig 6.6. The S21 response
of the sensor is recorded continuously, every six seconds, for 10 minutes for each
subject. The data is saved with LabView program by recording the transmission
S21 response. As the program was able to record one parameter at a time (e.g. the
Labview program can not record both S11 and S21), only transmission response
S21 is recorded. Additionally, the sensor is given 0 dBm input power.
Figure 6.6: Measurement set-up of soda test resonator attached to the arm of
the human subject and connected to the network analyzer .
After 10 minutes of continuous monitoring of the sensor response, the subject
is given a soda drink. The volume of the soda drink is 330 ml, with a sugar
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content of 36 grams. During and after the consumption of soda drink, the sensor
response is tracked continuously. Measurements were performed rst on a female
subject with a BMI of 22, with no serious health condition. Next on a healthy
male subject with a BMI of 21:8.
6.2 Results
6.2.1 Force Measurements with Patch Resonator
For each force level ve resonator response was recorded during the experiments.
The median of the collected response is taken for each force level for each subject,
shown in Fig. 6.7. In Fig. 6.7, the red curve, expressed by y = axb + c where
a = 0:12, b =  1:13, c = 2:49, shows the median of all measurements.
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Figure 6.7: Change in sensor S11 response with the applied force voltage output.
The median tting indicates that the with the increase in applied force the
superstrate permittivity increases. While the applied force is very low, for exam-
ple at 0:5 V output, an air gap might be introduced between the tissue and the
resonator. Note that the resonance shift is sharp between 0:5 V and 1 V output,
5:3% decrease. As the applied force increased, the resonance shift becomes more
smooth. The decrease in resonance is 1:7% and 0:8% for increase in applied force
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from 1 V to 1:5 V and 1:5 V to 2 V, respectively. This is due to the tissue dis-
placement, in this case it is hypothesized that the fat tissue is displaced with the
increase in applied force. This experiment is important to assess the eect of the
force. From the change observed in Fig. 6.7, we can state that the applied force
has a signicant eect on the resonator response; thus, it should be kept constant
to dierentiate the eect of the glucose change to the resonator response. Note
that during the experiments subjects could not be able to apply more force. The
sensor output can reach up to 5 V.
After the measurements the subjects are asked which force level was more
comfortable. The subjects reported that the 1 V output was the most suitable
force level. After the experiments the standard deviation from the mean () on
each applied force level among 5 measurement is also calculated. Table 6.2 shows
the calculated standard deviations. From Table 6.2 1 V applied force level shows
less deviation. Thus, 1 V force level is considered to be the standard force level
during the soda test with patch resonator.
Table 6.2: Standard deviation from the mean () on each applied force level
Force Female1 Female2 Female3 Female4 Male1
(V )  (MHz)  (MHz)  (MHz)  (MHz)  (MHz)
0:5 25:954 9:5513 24:954 13:257 29:681
1 4:2943 4:6416 8:5015 1:1808 12:343
1:5 17:162 4:7459 25:373 12:159 10:428
2 6:7883 2:4348 2:7803 0:88977 19:459
6.2.2 Patch Resonator Observational Study
For each subject 120 measurements in total were taken. The resonance frequency
is derived by taking the median frequency of the S11 minimum. S-parameters
are then converted to Z-parameters and the input impedance is calculated with
equation 6.1. Median of the input impedance real part is taken for ve measure-
ments. With the median representation the collected data are then reduced to
24 points from 120 measurements.
Zin = Z11   Z12Z21
Z22 + ZL
(6.1)
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Real part of input impedance at the median frequency are plotted against
the time for each subject. Then the values are normalised and a second degree
gaussian function is tted to each measurement set. The function is given in
equation 6.2.
f(t) = a1  e( 
t b1
c1
)2
+ a2  e( 
t b2
c2
)2
(6.2)
where t is the time in minutes and f(t) is the tting function to normalized
values and OGT test in Fig. 6.8, Fig. 6.9, and Fig. 6.10. Note that the function
gives normalized values for the real part of the input impedance. The normalized
tting to the collected data from female1 is shown in Fig. 6.8 (a). The residuals
are also shown in Fig. 6.8 (b). Fig. 6.8 (a) also shown the tting while the data
outliers are excluded from the data set.
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Figure 6.8: Normalized Re(Zin)data for female1:(a) Gaussian tting to the nor-
malized 24 data points and for the 22 points excluding the data points resulting
high residuals; (b) Residual plots including excluded data points .
The outliers are identied through the residual plots. If the data is showing a
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residual that is more than 0:06, it is identied as a residual. For female1 3
rd and
14th data set is excluded and the tting is done according to remaining 22 data
points. The R-square value, indicating the goodness the tting, for female1 is
0:78 while the outliers are included. The R-square value is 0:91 when the outliers
are excluded from the data set. The outliers could be due to the misplacement of
the arm and failing to apply the aimed pressure to the structure. The gaussian
tting coecients for each subject is given in Table 6.3. The given values are
representing data without the outliers. The omitted outliers are 1, 3, 4, and 6
of the measurements for female2, female3, female4, and male1, respectively. The
residual based exclusion criteria is considered for all subjects. Also OGT test
results performed on healthy subjects are taken from the literature and a 2nd
degree polynomial tting is performed on the results given in Table 6.3. Due to
the ethical restrictions during the experiments the glucose levels of the subjects
were not collected. Thus a comparison with the literature data [16] is given.
Table 6.3: Coecients for gaussian tting functions for each experiment subject
and R2 values
V ariables Female1 Female2 Female3 Female4 Male1 OGT Fitting
a1 0:44 0:93 0:97 0:93 0:27 153:4
b1 17:77 135:5 78:28 111 39:67 43:42
c1 42:93 172:7 233 104:4 33:96 50:89
a2 0:94 0:37 123:5 0:60 0:81 88:56
b2 124 2:96  62:54  1:78 125:9 121
c2 136:4 75:24 23:17 53:88 178:6 38:2
R2 0:91 0:55 0:36 0:36 0:79 0:99
Fig. 6.9 shows the comparison between the gaussian ttings for three subjects
and the literature data. The best correlation with the literature data [16] is
obtained for male1. Female1 and female2 shows correlation with the literature
data [16] with a tolerable time lag. Comparisons for female3 and female4 shown
in Fig. 6.9 (a) and (b), respectively, does not show a signicant correlation with
the literature data [16].
The time lag could be due to the dierent amount of glucose injection. In the
experiment the subjects are asked to ingest 36 grams of sugar. However, in [16],
the subjects are given a drink containing 75 grams of sugar. Thus the glucose
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Figure 6.9: Comparison of the normalized input impedance Re(Zin) measure-
ments and oral glucose tolerance test results from the literature [16]: (a)Female1;
(b) Female2; (c)Male1.
levels of female1 and female2 might not be able to reach an upper limit. Also the
gender and age dierence eects the metabolism of the subjects, suggesting the
Chapter 6 Observational Study with Patch and Spiral Resonators 191
reaction to the glucose intake is highly likely to dier. Nevertheless, the results
shown in Fig. 6.9 and Fig. 6.9 gives promising results with 60% success rate. The
preliminary results suggests that the patch resonator is sensitive to the blood
glucose change. However, there is still a need to investigate further the potential
contributing factors to dielectric property change in the tissue such as insulin and
temperature change.
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Figure 6.10: Comparison of the normalized input impedance Re(Zin) measure-
ments and oral glucose tolerance test results from the literature [16]: (a)Female3;
(b) Female4.
6.2.3 Spiral Resonator Observational Study
For each subject a total of 1000 measurements are taken. The subjects were
observed for 90 minutes after the ingestion of the soda drink with 36 grams of
sugar. Note that the same soda drink is used for both patch and spiral resonator
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human tests. The S21 response for female and male subject is shown in Fig. 6.11
(a) and (b), respectively. The dierence between the S21 measurements is due to
the dierence in subjects. The measurement for male subject shows a clear peak
around 500 MHz; however, transmission is better for female subject at the rst
peak around 600 MHz.
The frequency of rst maximum for both of the measurements is tracked. The
results are shown in Fig. 6.12 (a) and (b) for female and male subjects, respec-
tively. The frequency of the rst maximum is now changing. This is expected as
the relative small change in the permittivity is expected to change the resonance
for a very high Q resonator. However, the planar spiral resonator does not possess
such property.
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Figure 6.11: Continuous measurement of the magnitude of the transmission S21
response:(a) S21 response for female subject; (b) S21 response for the male subject.
.
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Figure 6.12: Tracking the frequency of the rst maximum namely the frequency
of the peak transmission :(a) rst maximum of the S21 response for female subject;
(b) rst maximum of the S21 response for the male subject. .
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Figure 6.13: Comparison of the normalized frequency at the  29 dB of the male
S21 measurement and the oral glucose tolerance test results from the literature [16].
The frequency of occurrence of  29 dB is tracked. The frequency are normal-
ized a 4th degree sum of sine function is tted to the normalized data. Then the
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data is compared with the normalized OGT test results from the literature [16].
The comparison is shown in Fig. 6.13. The trend of the frequency change
agree with the OGT results. However, the rise between 40th and 70th minutes are
expected to be higher. This could be due to the lower sugar intake during the
experiments. Also note that the reference glucose tests might not match exactly
with the subject's glucose levels.
6.3 Conclusions
The patch resonator is fabricated and embedded into a wooden bench. Two
commercial force sensors are taped to the two sides of the resonator and the
eect applied force to the resonator response is quantied with ve subjects.
Applied force is eecting the resonator response signicantly thus there is a need
to minimize such eect.
A soda test is performed with ve subjects and the patch resonator under
constant applied force. The S-parameter response of the resonator is recorded
during the soda test. Input impedance at the resonance frequency is calculated
from the measured S-parameter results. The normalized input impedance is than
compared with the literature data. Comparisons showed correlation with the
literature data with 60% success rate.
The Soda test was also performed with two healthy individuals and the mea-
sured frequency shift for male subject showed correlation with the expected rise
in blood glucose levels. The transmission response of the spiral resonator was
recorded and compared with the reference data. The planar resonator approach
shows promising results for non-invasive continuous assessment of the blood glu-
cose levels. However, there is a need to improve the sensors and implement and
multi parameter monitoring system to measure the blood glucose levels in a casual
environment.
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Chapter 7
Conclusion and Future Work
In this thesis, the possibility of monitoring the realistic blood glucose levels
by means of RF devices is explored. In order to relate the blood glucose level
with the response of an RF device, it is vital to explore the relationship between
glucose levels and dielectric properties of the blood and the subcutaneous tissue.
Thus, there is a signicant need to quantify two important issues: 1) establishing
glucose dependent dielectric properties of the blood and subcutaneous liquid;
and 2) relating the dielectric properties with the resonator response. To this end,
two activities were carried out: 1) a dielectric property retrieval study; and 2)
establishing a relation between glucose and dielectric properties of blood.
This thesis has presented a spiral resonator that was designed and tested with
phantoms. The dielectric properties of the phantoms were retrieved with an im-
proved analytical formulation. Also, a blood mimicking material was proposed
and the realistic glucose dependance of dielectric properties of the blood mimick-
ing material investigated though Cole-Cole analysis. Next, a patch resonator was
designed and simulated with a four-layered digital tissue block and the sensitiv-
ity response of the resonator to the relative dielectric constant change in blood
layer investigated. Finally, the resonator was fabricated and tested with tissue
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mimicking materials. A detailed description of the chapters is given below.
In Chapter 2, o-the-shelf devices and scholarly articles for monitoring of
chronic diseases, including diabetes, are described. The current state of the art
for monitoring chronic diseases using dierent technologies and methods are sum-
marised. This chapter presents an extensive overview of chronic diseases, as well
as the advantages and disadvantages of the current monitoring systems and tech-
niques.
Chapter 3 presents novel, extremely wide band, high and low-water content
tissue mimicking material recipes and dielectric property measurements. The
materials are composed with o-the-shelf, low-cost ingredients that are widely
available. The dielectric property measurements of the tissue mimicking materi-
als are also compared to the dielectric properties of the biological tissues reported
in the literature. The TM phantoms reect the dielectric properties with max-
imum deviations of 7:7 units and 3:9 S/m for relative dielectric constant and
conductivity, respectively, for the whole frequency range. In addition, previously
reported dielectric properties of tissue mimicking phantoms are also compared to
those presented in this thesis, which demonstrated similar performance.
A spiral resonator was presented in Chapter 4 to establish a relation between
the sensor response and dielectric property change in the biological tissue. The
spiral resonator is tested with liquid and semi-solid phantoms. In order to retrieve
the relative dielectric constant of the phantoms from the resonator response,
an empirical analytical method is used. To improve the empirical method, the
analytical formulation is modied by utilising Particle Swarm optimisation and
Multiple Linear Regression methods. This is done by utilizing the simulated S-
parameter response of the resonator. The new non-linear analytical equation is
then solved with the Newton-Raphson iterative method for measurements and
simulations. The dielectric properties of the phantoms are measured with the
open-ended dielectric probe to verify the retrieved dielectric properties. Measured
and retrieved relative dielectric constants are compared and a good agrement is
obtained. The analysis of the possible error sources are also described in this
chapter.
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In Chapter 5, in order to quantify the glucose-dependent dielectric proper-
ties of blood, a blood mimicking material is characterized. By adding realistic
glucose amounts to the blood mimicking phantoms, the glucose change in blood
is mimicked. The dielectric properties of the blood mimicking materials with
dierent glucose concentrations are measured for an extremely wide frequency
range (0:3 GHz to 20 GHz). Next, a single-pole Cole-Cole model is tted to the
median of the dielectric property measurements. The Cole-Cole parameters are
expressed as a function of blood glucose levels and it has been concluded that the
relative dielectric constant variation between the minimum and maximum glucose
levels in the blood mimicking phantoms will be 1 unit and the conductivity will
remain constant. In addition, a patch resonator operating in the 2:4 - 2:48 GHz
ISM band, when placed radiating against human tissue, was studied for non-in-
vasive monitoring of blood glucose levels. The resonator was simulated with a
four-layered non-dispersive digital phantom. The fabricated resonator is tested
with the four-layered physical frequency-dispersive phantom. Four samples of the
blood mimicking phantom were characterized, where the glucose concentration
was changed for each sample. While alternating the blood layer with dierent
concentrations of glucose, the S-parameter response of the patch resonator was
measured. From the resonator experiments, it has been observed that the input
impedance of the resonator is sensitive to the realistic glucose level changes in
the blood layer.
Chapter 6 presented human tests. The rst set of human tests were conducted
with the patch resonator. First the patch resonator is combined with the com-
mercial force sensors and the eect of the applied force is identied. Then under
constant applied force ve subjects went through a soda test. The S-parameter
response of the patch resonator is recorded. During the post processing the in-
put impedance at the resonance is calculated. The results are compared with
the literature glucose data, 60% correlation is obtained between the resonator
response and literature data. Next, two subjects went though soda test with the
rst prototype of spiral resonator. Transmission response of the spiral resonator
is recorded. After the analysis the data is compared with the literature data.
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7.1 Key Contributions
Major contributions proposed in this study are:
 New recipes for wide-band tissue mimicking phantoms based on oil-in-gela-
tine dispersion materials, including wet skin, blood, muscle, and fat mimick-
ing materials, are proposed. Two recipes for narrow-band tissue mimicking
materials are also proposed. These materials can be characterized easily
by using o-the-self ingredients and the shelf-life of the tissue mimicking
phantoms are at least two weeks when kept in air tight containers at low
temperatures. The proposed wide-band phantoms can mimic the dielectric
properties of the given biological tissues for an extremely wide frequency
range.
 Realistic glucose-dependent dielectric properties of blood mimicking mate-
rial are characterized by tting Cole-Cole parameters to measured dielectric
properties. It has been found that the relative dielectric constant change for
maximum and minimum glucose range (where these values are the expected
extremes for a normal, healthy subject from the literature) is 1 unit and the
conductivity will remain constant. To the best of the author's knowledge,
the realistic glucose changes, in terms of dielectric property values, have
not previously been reported in the literature.
 Spiral resonators are designed and tested with phantoms. An analytical
formulation is used to retrieve the dielectric properties of the liquid and
semi-solid phantoms. Reference dielectric properties are collected with an
open-ended coaxial probe. Collected reference dielectric properties and re-
trieved dielectric properties are compared. A good agreement obtained,
which indicates that a real-time narrow band relative dielectric constant
measurement xture for high-loss biological tissues can be developed.
 A patch resonator operating at the ISM band when placed towards to skin
is presented. The resonator is tested with four-layered tissue mimicking
materials, by changing the glucose content of the blood layer. The input
impedance of the resonator at the resonance frequency is calculated from the
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S-parameter response, and it has been found to be sensitive to the dielectric
property changes within the minimum and maximum glucose change.
 The eect of applied force to the patch resonator response is quantied
and it was concluded that the applied force has a signicant eect on the
response of the resonator. It should be noted that there is a need to control
the applied force during the measurements with such resonators.
7.2 Suggestions for Future Research
This thesis presents the methodologies and results that lays the foundations for
non-invasive monitoring of the blood glucose levels by means of electromagnetics.
Presented work have the potential that can be exploited both experimentally and
numerically. Future experimental research suggestions are given in section 7.2.1,
suggestions on numerical future investigation is given in 7.2.2.
7.2.1 Experimental Aspects
Dielectric Spectroscopy
Dielectric properties of the biological tissues is the vital parameter for designing
resonators and antennas that is aimed to operate inside or in the vicinity of the
human tissue. This study investigates the realistic glucose dependance of the
blood mimicking material's dielectric properties. Logical expansion of this line of
research, is the investigation of the glucose dependance of the blood and other tis-
sue dielectric properties. One important parameter that can be exploited quickly
is the eect of the temperature on the glucose-dependent dielectric properties of
blood.It is also well known that dielectric properties of water is highly dependent
on the temperature [1]. Temperature dependant static permittivity of water is
given in Fig. 7.1. Thus, dielectric properties of the biological tissues, which most
of the tissues are high water content, are dependant on the temperature [2, 3, 4].
Note that this thesis reports the measurements taken at room temperature (25);
however, the body's temperature is much higher (37). Therefore, it is vital to
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perform measurements at the body's temperature; one important research contri-
bution could be the potential discrepancy of dielectric properties occurring due to
the variation of glucose levels at (37). That at (37) is the discrepancy between
two glucose levels could be dierent from the (25).
Figure 7.1: Temperature dependance of water static permittivity [5].
Figure 7.2: Insulin, blood glucose regulating hormone, secretion after meals for
a healthy subject [6].
The amount of other hormones, specically insulin levels [7], should be de-
termined and the dielectric property dependance of such hormones should be
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investigated. The investigation of insulin dependance is important as insulin
level elevates with the increase in glucose levels in blood 7.2. Such study can
be carried out in vitro with blood plasma, body temperature also needs to be
considered during such experimental work.
Further investigation of glucose-dependent dielectric property changes of bio-
logical tissues, including skin, fat, and muscle tissues is needed, since the resonator
is sensing the eective change in the dielectric properties for blood layer. Thus,
it is important to quantify the changes occurring in the other tissues. Then,
by applying a correction technique (which will require further work in itself),
the information regarding the blood glucose levels can be withdrawn from the
collected sensor response. Investigating the eect of other parameters, such as
sweat levels, blood pressure, daily activity, and the psychological condition of the
subject to the sensor response. A multi-sensor system is needed to perform such
experiments.
Human Tests
Performing the soda test with more subjects under controlled and uncontrolled
environments is important. There is a need for more data in human experiments
and the tests should be performed with the other resonators proposed in this
thesis. Also, the tests should be performed with diabetes patients as well, since
the ultimate testing domain is the diabetes patients. Such experiments provides
advanced data; thus, it is vital to verify the proper functioning of the end product
with diabetes patients.
7.2.2 Numerical Aspects
Due to the relatively small glucose-dependent change in the dielectric properties
of blood, the sensitivity of the resonators should be increased. To do so, one vital
parameter to consider is the Q factor of the resonator. Designing a high Q struc-
ture is challenging, one example of a high Q resonator is the cavity resonators.
However, due to the application specic physical constrains the resonator should
be a planar structure that can be evolved into a exible sensor in the future.
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Finally, improvement of the numerical model is needed. In this thesis numer-
ical simulations are limited with layered phantoms. However, the human body
is more complicated and it can be now represented in the computer domain.
Within the last decade, the human body have been constructed in computer
domain and represented during the solution of numerical electromagnetic prob-
lems [8, 9, 10, 11].
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Appendix A
Particle Swarm Optimization
PSO is a novel population based meta-heuristic technique developed by Eber-
hart and Kennedy in 1995. It is inspired by the behavior of bird ocking or sh
schooling and utilizes the swarm intelligence generated by the cooperation and
competition between the particles in a swarm. Compared with evolutionary algo-
rithms (genetic algorithm (GA), evolutionary programming, evolutionary strat-
egy, and genetic programming), PSO still maintains the population based global
search strategy but adopts the velocity-displacement model with more ecient
information ow and easier implementing procedures.
The swarm intelligence suggests that when the swarm is in search for the best
place for food gathering in an unfamiliar eld the swarm moves to reach it's goal
with a collective search technique. Each member remembers the visited individual
best position with the most food (personal best) and each member also stores the
best position found by the swarm (global best). When the member is moving
another position it changes it's directory based ont he personal best and global
best. Through this search the animals eventually swarm around the position in
the eld with the most food. The PSO terminology is given in Table A.1.
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Table A.1: Particle Swarm Optimization Terminology
Term Explanation
Partical/Agent Single individual in the swarm
Location/Position An Agent's N dimensional coordinates which rep-
resents a solution to the problem
Swarm The entire collection of particles
Fitness A single number representing the goodness of a
given solution
Pbest The location in parameter space of the best tness
returned for a specic particle (personal best)
Gbest The location in parameter space of the best tness
returned for the entire swarm (global best)
Velocity The velocity of the particle that is decided accord-
ing to pbest and gbest
The swarm is composed of members so called particles. Each particles posi-
tion is a set of coordinates in the preassigned n-dimensional solution space and
position of each particle represents one solution. A tness function determines
the closeness of each solution relative to other solutions to the desired result.
Each particle stores the personal and global best. According to the stored best
values the particle ies in the pre-determined solution space with the velocity
and position equations. The velocity and position update expressions are given
in equations (A.1) and (A.2), respectively.
n(t+(t)) = !  n(t) + c1  r()(pbn   xn(t)) + c2  r()(gbn   xn(t)) (A.1)
xn(t+(t)) = xn(t) + (t)  n(t) (A.2)
In the equations above, n is the number of particles, (t) is the time step,c1
and c2 are constants typically assigned the scalar value of 2, pb and gb are personal
and global best, and r calls for a random number on each iteration. ! is the
inertial weight which decreases linearly with the iteration.Such implementation
encourages the trajectory inuenced by the personal best rather than the global
best initially; thus, the solution space is searched thoroughly.
Although being relatively new optimization method, PSO is simple to im-
plement to optimization of both for binary and real variables. Another desirable
property of the PSO is the exibility of assigning multiple design and optimisation
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goals. For example, in an antenna problem both bandwidth and center frequency
can be chosen as design goals namely the tness function can be dened as a
weighted function of each goal. This properties makes PSO a great algorithm to
be implemented to solve electromagnetics optimisation problems eectively.
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